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ABSTRACT
In Chapter 1 a brief outl ine of the range o f na tu ra l ly -occu rr ing  oxygen 
heterocycles is presented. This is fo l low ed  by a com prehensive rev iew  of 
non-f lavano id  na tu ra l ly -occu rr ing  chromanones, including reference to  any 
im portan t b iosynthe tic  studies. This is fo l low ed  by a rev iew of the synthesis of 
such compounds, concentra ting  on more recent developments.
Chapter 2 concerns the biosynthesis of the chrom anone LL-D253a, a 
metabolite  of P. p ig m en tivo ra  . A review o f previous studies is presented, 
fo l lowed by a brief account o f the existence o f the phenonium ion, though t to 
be an in termediate in the b iosynthesis of LL-D253a. The incorpora tion  of 
sodium [2 - 2H3,13C]-acetate, and of diethyl [ 2 - 13C]-malonate, in to LL-D253a give 
an insight into the mechanism of its form ation. Chemical manipu lation of 
deuterium labelled LL-D253a derivatives has supported the existence of a 
"phenonium '' intermediate. Chemical synthesis o f some postu lated prrecursors 
to  L l-D 2 5 3 a  was undertaken.
Chapter 3 concerns the biosynthesis o f averufin, known to  be a p recursor 
to  aflatoxin B-|. An overv iew  of aflatoxin biosynthesis is presented, and includes 
a detailed review of relevant studies reported since 1980. The incorpora tion  of 
[ 2 - 2H2]-hexano ic  acid, and of diethyl [ 2 - 13C]-malonate, into averufin is 
reported. These results confirm  that averufin is a decaketide, but during its 
biosynthesis it is able to  exchange w ith  endogenous hexanoate. A ttem pted  
chemical manipulation of averufin, and incorporation of [ 7 - 2H2]-averu f in  into 
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Figure 1: N atu ra l ly -O ccurr ing  Oxygen Ring Compounds.
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1.1. In troduction
There are many types of oxygen-he te rocyc ies  occurr ing  in na tu re1,2,3; 
representative examples of the more com m on types are shown in Figure 1. 
One extens ive ly-s tud ied  group o f com pounds are those based on the 
[4H ]-1 -benzopyran  skeleton. These include the chromans, 2H-chrom enes, 
4H-chromenes, 3 -chrom anones, 4 -ch rom anones  and chromones. For the latter 
three groups, the "4FI-1-benzopyranone'' nomenclature has been adopted by 
Chemical Abstracts. Flowever the use of the te rm s ''chromanone'' and 
"chrom one" persist in the l iterature due to  the ir  s im p lic ity  and convenience. 
This convention w il l  be fo l low ed  in the remainder of th is text. Also, 
"chromanone" should be taken to  mean "4-chrom anone", unless o therw ise  
stated. The numbering scheme used in the rest o f th is tex t is shown fo r 
structure (8) in Figure 1.
Of the na tu ra l ly -occu rr ing  examples o f the types of com pound listed above, 
the m ost studied are the chromones. By far the most com m on examples are 
those containing a phenyl or aryl (particu larly hydroxy or po lyhydroxyphenyl) 
substituent at the 2 -pos it ion . These are known co llective ly  as flavones, and are 
produced by many plant species. Another im portan t group are the isoflavones, 
which are 3 -(phenyl or aryl) substitu ted chromones, and are known to  be 
derived in  v ivo  f rom  flavones. Flavones and isoflavones have been extensively 
rev iew ed13. In contrast, chrom ones contain ing substituents other than phenyl or 
aryl occur rarely.
Chromanones, or 2 ,3-d ihydrochrom ones, are less com m on in nature than 
chromones. Again they are produced mainly by plant species, and the phenyl or 
aryl are the m ost com m on substituents at the 2 -  or 3 -  positions. These are 
termed flavanones and isofiavanones respectively. These too  have been 
extensively rev iewed13. However, there are few  examples of na tu ra l ly -occu rr ing
4
chromanones conta in ing substituen ts  o ther than phenyl or aryl at the
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1.2. Naturally Occurr ing Chromanones
The scope of th is rev iew  includes al! na tu ra l ly -occu rr ing  4 -ch rom anones  
which do not contain an aryl substituen t at the 2 -  or 3 -pos it ions . A rev iew of 
s im ilar scope has been published recen t ly14.
1.2.1. Homoisoflavanoids
A group o f metabolites known as hom oisoflavano ids are produced by 
certain LiHacaea species. Eucomin (11) and eucom ol (12) were f irs t  isolated 
from  Eucom is b ic o lo r  in 1967 by Tamm's g ro u p 15. In 1970 three fu r ther 
metabolites, 4 ' -0 -m e th y lp u n c ta t in  (13), autumnalln (eucomnalin) (14) and its
3,9-d ihydro derivative (15) were isolated from  £  autum na lis  16. Punctatln (16), 
its d lhyd ro -  and 4 '-0 -m e th y ld ih yd ro -d e r iva t ive s ,  (17) and (18), and 
4 '-dem ethy leucom in  (19) and its saturated 5 -m ethy ! derivative (20) were 
isolated from  E. puncta ta  along w ith  (11)17.
Further w ork  by Tamm led to  the isolation o f 7 -O -m e th y le u c o m in  (21),
( - ) -7 -0 -m e th y le u c o m o l  (22) and 3 ,9 -d ihydroeucom in  (23) and its 7 -O -m e th y l
derivative (24) from  £. b ic o lo r  bulbs. He also demonstrated tha t the "E -"
geometrical isomer (as w r it ten) of eucomin is an artifact, and tha t the "Z -"
isomer is the genuine m e tabo li te18. The absolute configura tion  of eucom ol (12)
was determined as (3S) in 197719. At the t im e of w rit ing , the last publication by
Tamm concerning Eucom /s  metabolites reports the iso la tion of
5 ,7 -d ih yd ro x y -8 -m e th o x y -  4 -chrom anone from  £. com osa . This is the f irs t
reported na tu ra l ly -occurr ing  chromanone unsubstitu ted in the he te rocyc lic  
20ring . A few  such chrom ones  exist, and they may be derived from  flavanoids 
in  vivo  or during iso la t ion21.
Recently fu rther examples of homoisoflavones from  o ther species have 
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8-m e thoxy  analogue (26) from  C. pu lche rrim a  23, and (27), (28) and (29) from  
Dracsna draco  24 Shoji's group isolated oph iogonanone A (30)25 and 
m ethy loph iopogonanones A (31) and B (32) (plus related chrom ones) from  
O phiopogon ja p o n icu s  2S. Later chrom anones (33)-(37) were isolated from  the 
same source27. Compounds (31)-(34) were also isolated from  O. o h w i i , along 
w ith  tw o  related chromones. The same paper reported the iso lation o f (38) 
from  O. jabu ran  plus three novel ch rom ones28. Five new m etabo lites  (39)-(43) 
were isolated from  M uscari c o m o s u m , along w ith  the already known (1 5)29,30.
Dewick has shown that eucomin incorporates rad ioactiv ity  from  tyrosine, 
and that the "extra" carbon atom, the ring 2-carbon, is m e th io n in e -d e r ive d 31. 
The [6'-0-/77ef/7K^“ 14C]-chalcones (44) and (45) were synthesised, and both 
were incorporated into eucomin, w ith  the latter having the h igher 
incorpora tion32. Thus the te rm  "hom oisoflavano id" is m isleading from  a 
biogenetic v iewpoin t, and the alternative term "benzy lchrom anone" has been 
proposed. The proposed mechanism is s im ilar to  tha t of the heterocyc lic  ring 
formation in ro tenoid biosynthesis (scheme 1).
In 1973 the spiro compounds scillascill in (47) and its 2 - h y d ro x y -7 -0 -m e th y l  
analogue (46) were isolated from  Scilla  sc illo ides  along w ith
3,9-d ihydroautum nalin  (15)33. Dewick has suggested a derivation of (46) from  a 
suitably activated 3 -h yd ro x y -3 -b e n z y l-4 -ch ro m a n o n e  such as (48) (scheme 
2)31. A s im ilar sp iro-benzcyc lobu tene compound (49) was isolated from  
M. com osum  , along w ith  a possible iso f lavanone-type derivative, com osin  (50), 
and (51), the f irs t example of an O -acety l homoisoflavanoid, and already known 
(17)34. However, the substitu tion pattern at the 3' and 4' posit ions o f (49) and 
(50) make the ir s tructures inconsistent w ith  the above mechanism; it is 
possible tha t these structures have been w rong ly  assigned. Also the 
mechanism does not readily a llow fo r  the fo rm ation  of (48).
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OH









Instead o f im mediate fo rm ation  of a fused benzcyclobutane in termediate , 
w ith  partic ipation of the m e ta -  hydroxy group, a possible a lternative route 
could involve the fo rm ation  o f a sp irocyc lopropy lbenzenon ium  ion, w ith  
partic ipation o f the pa ra - alkoxy group (the existence of th is type of species is 
discussed in Section 2.1.2). Such a cation could fu r the r  elaborate to  (47); 
quenching with acetate w ou ld  lead to fo rm ation  of (50).
Brasilin (52), a m etabolite  of b ras i lw ood35, may be derived from  a 
homoisoflavanoid. It was later isolated from  C. sappan , along w ith  (53) and 
(54), which also appear related b iosyn the t ica l ly36. Homoisoflavanoids were 
reviewed by Tamm in 198137.
After com pletion of th is manuscript, 2 new homoisoflavanones isolated from  

















1.2.2. 2 ,3 -D im e thy i-4 -ch rom an ones
Tropical trees of the C alophyllum  (G uttifrae) genera are known to produce 
2 ,3-d imethylchromanones. Nearly all are oxygenated at C -5  and C-7; the 
remaining (6 - and 8-)  posit ions are occupied by a prenyl subs t i tuen t (which 
may be cyclised to a chromene), and an acid linked th rough its 8~carbon. 
These acids are fo rm a lly  derived from  cinnamic acid, or from  n -a lkano ic  acid 
homologues, and in some cases are cyclised to the correspond ing lactones. In 
1957 ca lophyllo lic acid (55) and inophyllo lide (56) were isolated from  the bark 
of C. inophy llum  , along w ith  a related metabolite, ca lophyllo lide (57), w h ich  
upon degradation afforded the chrom anone (58)38. Compounds such as 
inophyllo lide are more often classified as coumarins or chrom enes than
chromanones. In 1968 tw o  chromanones were isolated from  the leaves of 
C. inophy llum  . One was shown to  be (+)—inophyllo lide (rather than the 
racemate isolated previously), w ith  the 2 -  and 3 -  methyl g roups in a trans- 
d isposition (56). The o ther chromanone was the cis- isom er (59)39. Three 
related chromanols were also iso la ted40.
In 1967 Polonsky incorporated [ 3 - 14C]-phenyla lanine into ca lophyllo lide;
degradation studies showed that m ost of the label was incorporated specif ica lly  
into the 4 -  posit ion (scheme 3). This im portant result precluded the 
biosynthesis of (57) from  flavanones via one or more a ry l-sh if ts ,  as shown in 
route (b). The result supports the pathway outlined in route (a), in w h ich  a 
phloroglucinol (60/61) is condensed w ith  a c innamic acid der iva t ive41. 
[U - 14C]-lso leucine was incorporated into the five carbon a tom s o f the 
chromanone portion of (57), presumably via t ig loy l CoA or a related
compound42. It is possible that t ig loy l CoA acts as a "starter un it"  fo r  three
malonate molecules in the biosynthesis of "t ig ly lph lorogluc ino l"(61), w h ich then 
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such as (62). In 1972 Polonsky reported the in tact incorpora t ion  o f [ 3 - 14C ]- 
phenylalanine into inophyllo lide  (55) and ca lophyllo lic  acid (56), w ith  
incorporation into the fo rm er eight t im es that o f the latter, thus suggesting 
that (55) is a precursor to  (56)43.
C. tom etosum  produced tw o  related metabolites, tom ento l ides  A (63) and B 
(64). The fo rm er is an reg io isom er of inophyllo lide, and the la tte r conta ins a 
B-hexanoic acid substituen t lactonised onto the C -7  hydroxy position. 
Apetalolide, a non-ch rom anone  derivative of (64), was isolated from  
C. apetalum  44 This also produced apetalic acid, reported as the cis  
chromanone (65)45. A trans  homologue, blancoic acid (66), was isolated from  
C. b lanco i by Stout and coworkers  in 196846. The related m etabo lites  papuanic 
acid (67) and its 2 -ep im er, isopapuanic acid (68) were isolated from  
C. papuanum  47. Compound (69) was isolated from  C. austra lianum  48; it was
AQ
later isolated from  C. inophyUum  and named calaustralin . In 1971 the
previously known apetalic acid was isolated from  C. c h a p e tie r i, along w ith  its 
C-2 epimer, isoapetalic acid (70), d ihydro isopeta lic  acid and chapelie ric  acid 
(71), which contains a phenylpropanoic acid m o ie ty  at the 8 -p o s i t io n 50.
Calolongic acid (72) was isolated from  C. ca lo tongum  51; it was later
isolated from C. recedens , along w ith  its 3 -ep im er, isoca lo long ic  acid (73), 
recedensic acid (74), a lower hom ologue of (64), and recedensolide (75)52. Six 
compounds (66), (70) and (76)—(79) were isolated from  C. brasiHense  in 197453. 
The compounds were shown to  be three epimeric pairs o f hom o logous
compounds conta in ing octanoic, heptanoic and hexanoic acid m oie ties  at the 
8-posit ion. A lower trans  homologue, co rda to -ob long ic  acid (80), was isolated 
from  C. co rda to -ob tongum  54. The same species yielded a related com pound  
(81) and tw o  related epimeric chrom ano ls55. Isoapetalic acid (70) was




C. cataba , C. m o o n ii and C. trapez ifo /ium  , along w ith  its reg io isom er, and the 
enantiomer of apetalic acid {probably 79) 57. Chapelieric acid (71), was later 
isolated from  C. ca la b a , along w ith  its 2 -ep im er, isochape lieric  acid (82)58.
A group of nonaromatic, cyclohexadienone, com pounds poss ib ly  related to 
some of the above have been reported. They conta in a 7 -o xo  m oie ty , and the 
p renyl-bearing aromatic  carbon has now been quartern ised by the addit ion o f a 
variety of ten -ca rbon  substituents. Brasiliensic acid (83) and isobrasil iensic acid 
(84), isolated from  C. bras iliense  , and inophy l lo id ic  acid (85), isolated from  
C. inophy llum  , were f irs t  reported in 196859, and the ir  s truc tu res  later 
reassigned to those show n60. A fu r the r  example, ca lophyn ic acid (86) was 
isolated from  C. inophy llu m  61, and calozeylanic acid (87) was isolated from  
C. zeylan icum  , C. th w a ite s ii and C. w a lk e r i62.
(101) R=C5H11
(102) R = C3H7
1.2.3. 2 ,2 -D im e thy l-4 -ch rom an ones
Of the remaining na tu ra l ly -occu rr ing  chromanones, m os t are 2,2- d im ethy l 
compounds. The s im plest of these, isolated from  Calea cuneifoH  , is 
2 ,2 -d im e th y l-6 -h yd ro x y -4 -ch ro m a n o n e  (88)63. The 6 -ace ty l com pound  (89) was 
isolated in 1977 from  A m bros ia  cum anensis  64 Its d ihyd ro -ana logue  (90), and 
the corresponding alkene (91), were isolated from  Trichogonia  g ra z ie la e , along 
w ith  related non-ch rom anones  85. Compounds (89) and (90) were later isolated 
from A rtem is ia  cam pestria  66, and (90) from  D oron icum  g ra n d ifio ru m  67 Its
3 -h y d ro x y -7 -m e th o xy  derivative (92) was isolated from  Lagascea rig ida  68. 
Three chromanones (93)-(95), also conta in ing C -6  substituents, were isolated
69f rom  Chrysotham nus v isc id if/o rus  . Dehydro isostoebenone (96) was isolated 
from  Stoebe p /um osa  70 It was synthesised in  v itro  f rom  its m onocyc l ic  
diketone co -m e tabo li te  (97). Clausenin (98) and clausenid in (99) were isolated 
from  Clausena heptaphylla  71. The related com pound (100) was isolated from
C. excavata 72. Cannibachromanone (101) was identif ied as a com ponen t o f a 
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1.2.4. Miscellaneous p lant chrom anones
The 2 -m ethy lch rom anone  eugenin (103) and its ethyl hom ologue (104) were 
isolated from  the fern A rachano ides s ta n d is h ii, a long w ith  a related chalcone 
(105), and saturated m etabolites  (106),(107) and (108)75. Eugenin was later 
isolated from  the herb D ysoph illa  tom e tosa  , along w ith  the correspond ing  
chrom one and the uncyclised chalcone (109), and its saturated analogue, an 
ary lbutyrophenone76. The chromanone (110) was isolated from  Rheum  (rhubarb) 
rhizomes, along w ith  five chrom ones (111)—(115). The authors suggested a 
biogenesis from  degraded hexa- and heptake tides77.
Both 3 -ep im ers  of the 2 - isop ropy lch rom anone  (116) were isolated from
78HeUchrysum be llum  . S ingly and polyunsatura ted s ide -cha ins  are present 
respectively in (117) and (118), isolated from  the seaweed Zonaria  to u rn e fo n tii
79 . Silymonin (119), isolated from  SHybum m arianum  , conta ins an unsual 
b icyclic substituent at the chromanone 2 -p o s i t io n 80. A lthough it is fo rm a lly  
derived from  a D ie ls -A lder addit ion between a 5 ,7 -d ihydroxyflavanone and 
coniferol, no b iosynthetic  in form ation  is available.
H 0 2 C
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Of the fungal derived ch rom anones81, the f irs t  isolated was
5 -h y d ro x y -2 -m e th y l-4 -c h ro m a n o n e  (120), a m etabolite  of D ald in ia  c o n c e n tr ic a ,
82an ash parasite. A polyketide orig in was deduced from  radio labe ll ing  stud ies . 
Rosellinic acid (8 -h y d ro x y -2 -m e th y l -4 -c h ro m a n o n e -6 -c a rb o x y l ic  acid) (121) 
was isolated from  Rosenillia  p e ca tr ix  in 196483. Fonsecin (122), a 
naphthopyranone, and its methyl ether, were isolated from  an A sp e rg illu s  
fonsecaeus  m u tan t84, it has also been identif ied as a com ponen t o f  certain 
dimers derived from  A. aw am ori , A. fonsecaeus  and A. n ig e r S5. S truc tu ra l ly  it 
is closely related to  rubrofusarin  (7), an established heptaketide chrom one. In 
1972 myrochromanone (123), and the correspond ing chrom anol , were  isolated 
from  M yro thec ium  ro rldum  86 These, as does rosellin ic acid, contain a carbon 
substituent at the 6 -  posit ion and is lacking in the 5,7~B~ oxidation pattern 
associated w ith  polyketide derived phenolic fungal metabolites. Polivione, a 
metabolite o f P en ic lllium  fre q u e n ta n s , has been shown to  exist as a m ix ture  of 
tautomers (124) and (125)87. In 1972 three chrom anone m etabo lites  were 
isolated from  Phoma p ig m e n tivo ra  by McGahren and cow o rke rs88. The m ajor 
metabolite, designated LL-D253ot, was assigned structure (126), 5 -h y d ro x y -6 -  
(2 -h yd ro xy e th y l) -7 -m e th o xy -2 -m e th y i-4 -ch ro m a n o n e .  Two m inor metabolites, 
LL-D2538 and LL-D253y, were assigned s tructures (127) and (128) respectively. 
LL-D253a was subsequently isolated from  Phom a  strain NHL 701789, and from  
Sc/erotina fruc tigena  . The same three m etabolites were obta ined from  
P. vlolacea , along w ith  the related ethyl chromanone (129)90 The s truc tu re  of 
(126) was subsequently reassigned (see fo l low ing  chapter).
1.2.6. Other Natura lly -O ccurr ing  Chromanones
Recently 5 -h y d ro x y -2 -n o n y l-4 -c h ro m a n o n e  (130) and related m etabo lites  
were isolated from  the secre to ry  hairs of the azalea lace bug (S tephan tis
14
pyriv ides  ) nym ph31.
Scheme 4: i) F riedel-Crafts  acylation; H) Estérification;
iii) Fries Rearrangement; iv) Base; v) Ether Formation; 
vi) Polyphosphoric  acid.
Scheme 5
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1.3. Synthetic  Routes to  4 -C hrom anones
The m ost im portan t methods fo r  synthesis ing 4 -ch ro m a n o n e s  are 
w e ll-es tab l ished  and have been com prehens ive ly  rev iew ed2-3,92,93. For these 
reasons only a brief account w il l  be given here, concen tra t ing  on m ore recent 
developments.
The m ost w ide ly  used method involves the Friedel-Crafts  reaction, or the 
related Fries rearrangem ent94. These are part icu lar ly  useful fo r  the synthesis of 
2 -subs t i tu ted  chromanones. In the Frie je l -C ra f ts  reaction, a phenol, or in a few  
cases its methyl ether, is reacted w ith  an unsaturated acid ch lor ide  or 
anhydride (or less frequently  w ith  the parent unsaturated acid) in the presence 
o f a Lewis acid catalyst. The result ing unsaturated phenol may cyclise during 
the course of the reaction, or w o rk -up , but may also be isolated and 
subsequently  cyclised in the presence o f alkali (scheme 4).
A varie ty of cata lysts have been used successfu lly; these include a lum in ium  
tr ich loride, boron tr if luor ide, hydro fluoric  acid and po lyphosphor ic  acid (which 
also effects cyclisation to  the desired chromanone). The m ost c o m m o n ly  used 
so lvent has been nitrobenzene. A "thermal condensation" in the absence of 
cata lyst or so lvent has been reported in the synthesis of
5 ,7 -d ih y d ro xy -2 ,2 -d im e th y l-4 -ch ro m a n o n e 95. More recently  phosphorus 
pentoxide and methanesu lphon ic  acid have been used in a o n e -s te p  synthesis 
of 2,2-dialkyl 4 -ch rom anon es96. Another in teresting deve lopm ent has been the 
"magnesium directed Friedel-Crafts reaction", in wh ich  a magnesium  phenolate 
is reacted w ith  acyl ch lorides to give a lm ost exclusively o rtho  acy la t ion97. This 
reg iose lectiv ity  has been a ttr ibuted to the association between the 











Scheme 6. Reagents: i) sec  BuLi, H+; ii) NaH.
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Scheme 7. E= E lec tron -w ithd raw ing  group; Ar= p -M e C 6H4-. 
Reagents: i) RM; ii) DDQ; iii) ArSH, EtOH; iv) m-CPBA; v) AcOCHO, H C 02Na; 
vi) M e2CuLi; vii) 3 ,4-(MeO)2C6H3CH2CI, K2C 0 3; 
vii i) LDA; ix) P l^ c C B F ^ ; x ) a) AI(Hg), b) PDC.
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The related Fries rearangement has used to cons truc t  4 -ch rom anon es  by 
heating the appropria te unsaturated phenoxy ester in the presence o f a Lewis 
acid (scheme 4). Recent developments have seen the use of the pho to -F ries  
rearrangement. Further re f inements include a tw o -p h a s e  sys tem 98 and the 
addit ion of potassium carbonate99, to  increase p roduc t yields. Recently, a 
"m e ta l-p ro m o te d "  Fries rearrangement was reported in the synthesis o f (131), 
w h ich was cyclised to 3 ,3 -d im e th y l-4 -c h ro m a n o n e  (132) (scheme 6)100.
The next m ost successful m ethod has involved the cyc lisa tion  o f 3 -pheno xy  
prop ion ic  acids (133), in the presence of a cata lyst or deyhydrating agent such 
as phosphorus pentoxide, po iyphosphoric  acid, hydrogen f luoride  or su lphuric 
acid. The related 3 -phenoxyprop ionoa te  esters or 3 -hyd roxyp rop ion it r i le s  have 
also been used (scheme 4 )101.
The remainder of the established m ethods have been of lesser im portance 
than those mentioned above. The doub le -b ond  o f a ch rom one  may undergo 
addition to give a chromanone. This is useful if the fo rm e r  is syn the tica lly  more 
accessible than the latter. The m ost com m on example is cata lytic 
hydrogenation. This however cannot lead d irec tly  to  2,2- or 3,3- d isubstitu ted  
chromanones. Other species such as brom ine may be added across the double 
bond. Recently conjugate addit ion of organocupra te  species to  chrom ones has 
been reported; th is  results in 2 -subs t i tu t lon  and should prove syn thetica lly  
useful as chrom ones are generally more accessible than chromanones. Good 
yields are obtained only when the 3 -p o s it io n  is activated, but 3 -unsubs t i tu ted  
chrom anones may be obtained via tem pora ry  activation w ith, and subsequent 
removal of, a carbom ethoxy l m o ie ty102. The use of a chiral activating group, 
such as to ly lsu lph iny l, has made possible ch ira l ly - induced  conjugate addition, 
leading to  asym m etr ic  syntheses w ith  respect to the 2 -pos it ion  (scheme 7)103.
MeO 0











Scheme 8. Reagents: i) a) LDA, b) CH3CHO; ¡¡)H+; iii) pTSA;
iv) NaH, H C 02Me.
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The condensation of o -hydroxyace tophenones  w ith  aldehydes has been 
m ain ly l im ited to  benzaldehydes, leading to  f lavanones. Recently how ever the 
l i th ium  enolate of 2 '-h yd roxy -4 ',6 '-d im e thoxyace tophenone  (134) was 
condensed w ith  acetaldehyde to  give (135) w h ich was cyclised to
5 ,7 -d im e th o x y -2 -m e th y i-4 -c h ro m a n o n e  (136)1 °4. The same acetophenone was 
condensed w ith  methy l fo rm ate  in the presence of sodium hydride to  give the 
correspond ing 2 -h y d ro x y -4 -ch ro m a n o n e  (137) (scheme 8)105. Chrom anones 
have been obtained from  oxidation o f chrom ans and chromanols, but these are 
o f l it t le  synthetic  use as they are usually prepared from  chromanones.
A novel approach to  5 -h yd ro xy -4 -c h ro m a n o n e s  involves the condensation
of 1,3-cyclohexanediones w ith  unsaturated acid ch lorides in the presence of
t i tan ium  tetrachloride. The product (138) may readily be aromatised to  (139) by
standard methods (scheme 9). This procedure is regioselective, whereas the
conventional use of resorcinol derivatives wou ld  yield a m ixture o f 5 -  and 7 -
1 nfi
h yd roxy -4 -ch rom a  nones
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2.1.1. Previous W ork
Inspection o f the in it ia l ly -reported  s truc tu res1,2,3 o f the fou r  Phom a  
m etabolites  (1)-(4) wou ld  suggest a polyketide orig in fo r  the chrom anone 
nucleus, but the source of the tw o -c a rb o n  s ide-cha in  is not readily apparent. 
For th is  reason McIntyre and Simpson isolated LL-D253a (1), in order to  study 
its b iosynthe tic  o r ig in4. However it soon became clear, m ain ly from  13C n.m.r. 
studies, that the published s tructure  o f (1) was incorrect. An alternative 
s tructure was proposed, princ ipa lly  on the basis of high fie ld 13C n.m.r. 
decoupling experiments. This s tructure  (5) was confirm ed by the synthesis of 
both the new, and the o r ig ina lly  proposed, s truc tu res5. For the purposes of 
this discussion it has been assumed that the m inor metabo lites (2), (3) and (4) 
are reassigned as (6), (7) and (8) respectively, but it must be stressed tha t this 
remains to  be proven.
A series o f 14C-labeiied precursors were then admin istered to  Phom a  
p ig m e n tivo ra  , in order to  gain in form ation  on the source o f the hydroxyethy l 
s ide-cha in  of LL-D253a. Incorporations of labelled g lyco lla te  and mevalonate 
were negligib le; labelled oxalate was incorporated eff ic iently, but degradation 
studies showed that the label was localised at the 5 -m e thoxy l carbon. The only 
compound to  be eff ic iently  incorporated into the carbon skeleton of LL-D253a 
was acetate.
P. p ig m e n tivo ra  was then fed w ith  [ 1—13C]—, [2—13C]— and [1 ,2 -13C2]~ 
acetates6,7. Analysis of the resultant 13C - n.m.r. spectra of LL-D253a showed 
the antic ipated labelling pattern fo r  the chromanone nucleus (scheme 1), 
con firm ing  its polyketide origin. However the s ide-cha in  had appeared to
Me- ,C 02Nq
Scheme 1: Incorporation of [ 1 - 13C ]- , [2 - l3 C ]- and 




Me C -02 Nq
= 60*. ¿0
Scheme 2: Incorporation of [ 1 - 13C ,2 -2H3]~ and 
[ 1 - l3C,180 2]-ace ta tes  into LL-D253a
undergo a p a rtia l (80%) randomisation. The incorpora tion  o f [ 1 - 13C ,2 -2H3] -  
acetate into LL-D253a gave iso top ica l ly -sh if ted  13C resonances8 at C-2, C-4, 
and bo th  Z -X  and C-2', indicating the presence of deuter ium  at C-1, C-3, C -2 ' 
and C-1 ' respectively. The C-2 signal shows that up to  three deuter ium s are 
retained at C-1; thus these tw o  carbons const i tu te  the "s ta rte r  un it"  fo r  the 
polyketide chain (scheme 2). No iso top ica l ly -sh if ted  signal was observed at 
C-5. if deuterium were incorporated at C - 6, it may have been lost due to 
exchange; there is precedent fo r  preferentia l deuterium loss fo r  analagous 
aromatic posit ions o rth o  to  tw o  hydroxyl g roups9. A lternative ly, a signal may be 
present, but is too small to be reso lved10. The isotop ica lly  shifted signal at C -4  
was not well resolved and it was not possible to  determ ine w he the r  one or 
tw o  deuteriums were present in those molecules which carried a 13C -label at 
C-4. Incorporation of [ 2 - 2H3] -  acetate into LL-D253a gave a labelled species. 
Its 3-axia i and  3 -equa to r ia l deuterium n.m.r. s ignals were resolved in the 
presence of a sh ift reagent, and these signals were o f equal in tensity . However 
it was not clear w he ther these signals were due to molecules con ta in ing  both 
a 3-axia l and a 3 -equa to r ia l deuterium label, or a mixture of s ing ly (either 
axially or equatoria lly) deuteriated species.
The incorporation of [ 1 - 13C,180 2] -a c e ta te 11 into LL-D253a resulted in 
iso top ica l ly -sh if ted  resonances at C-4, C-5, C-7  and C - 8a, ind icating the 
ace ta te-deriva tion  of the attached oxygen atoms, and the in teg r ity  of these 
carbon-oxygen bonds during biosynthesis (scheme 2). Incorporation of 180 2 gas 
into LL-D253a revealed tha t 20% of the oxygen at C -2 ' is derived from  
atmospheric oxygen, and none from  acetate. The only o ther logical oxygen 
source is from  the w ater of the g row th  medium. LL-D253a is op t ica lly  active, 
and has been assigned the 2R con f igu ra t ion1. Thus chrom anone fo rm a t ion  is 
stereospecif ic  w ith  respect to  the 2 -pos it ion .
(9)
OH O
Scheme 3a: Only one deuterium retained at C-3




R  n "  R
Scheme 3b: Two deuter ium s retained at C-3
Scheme 3: Proposed mechan ism s for pyranone ring fo rm a t ion  in LL-D253a
O
O
(1 0 ) (1 1 )
Scheme 4: Proposed b iosynthesis of LL-D253a
31
From the above results, tw o  mechanisms for fo rm ation  or the pyranone ring 
may be envisaged; one involves conjugate addit ion o f a pheno lic  oxygen to 
unsaturated ketone (9) (scheme 3a). The result ing enolate may then be 
protonated at the 3 -pos it ion ; if on ly one deuter ium  is retained at C -3  of 
LL-D253a, then protonation of this enolate m ust occur equally f rom  e ither face, 
to  give a mixture of axially and equatoria lly  deuteriated iso topom ers . If how ever 
tw o  deuter ium s are retained at the C-3 position, then scheme 3a is not valid. 
An alternative mechanism (scheme 3b) may be envisaged, w he reby  the 
4 -ca rbon  s ide-cha in  bears a hydroxyl m o ie ty  at C-2; th is may be protonated, 
and displaced by the phenolic hydroxyl to  fo rm  the chrom anone ring. It was 
suggested that c larif ication o f th is could be obtained by the inco rpora t ion  of 
[ 2 - 13C,2H3]-ace ta te  into LL-D253a and analysis of the a - s h i f te d 12 C -3  
13C-n.m.r. signal could reveal how  many deuterium atoms are present at the 
C-3 position. (See Discussion , Section 2.2.3).
To account fo r  all o f the above incorporation results it has been 
proposed4,13 tha t tw o  polyketide fragm ents (a C10 plus a C2, a C8 plus a C4, or 
tw o  C6 fragm ents) fo rm  an acetyl chromanone such as (10) (scheme 4), and 
th is  acetyl s ide-cha in  is then reduced, dehydrated, epoxidised and r ing -open ed  
to  give the 2 '-h yd roxye thy l-ch rom anone  (14). Of this, 80% fo rm s  a 
"sp irocyc lopropy lbenzenon ium " ion (15), by expulsion of hydroxide ion (or of 
water, if the in termediate is protonated), w ith  partic ipation of the aryl nucleus, 
as shown in scheme 4. This in termediate may then undergo nuc leoph il ic  ring 
opening at either the (acetate-) carboxy l-derived  carbon (no rearrangement), or 
the (acetate-) m ethy l-de r ived  carbon (net rearrangement). The existence of 
such an in termediate is considered below. The in term ediacy o f (12) may be 
used to  rationalise the fo rm ation  of the ethyl chromanone (#), by reduction.
An in tru ig ing possib il i ty  is that LL-D2538 (6) is derived from  an
OR 0
( 6 ) (5)
0 ^ 2 0 0 ^ 2
y  etc
- 4 " S C oA - ^ - - X S C oA etc'
« 0 / 0  ,0  0
O ^ ^ ^ S C o A  0 'r < ^ r 'S C oA
Scheme 5: Generalised polyketide b iosynthesis
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ace toace ta te -substitu ted  in termediate (such as (16)), by a b io log ica l
Baeyer-V il l iger oxidation. If this were the case, then the acetate port ion  of 
LL-D2538 should exhib it a s im ilar degree of labelling, f rom  labelled acetate 
precursors, as the carbon skeleton. Unfortunate ly  th is  m etabo li te  is produced 
by P. p ig m e n tivo ra  in very small quantities. A less d irect approach w ou ld  be to 
investigate the incorpora tion  of labelled malonate into LL-D253a.
In the b iosynthesis o f polyketides, acetyl CoA fo rm s the "s ta rte r  u n it"14 and 
the remainder o f the polyketide chain is construc ted  by successive 
condensations o f the existing chain w ith  a molecule o f malonyl CoA, and 
expulsion of carbon dioxide (scheme 5). Thus the chain e longates by tw o  
carbon atoms, but only the starter unit is derived d irectly  f rom  acetyl CoA. For 
th is reason, incorpora tion  of malonate into polyketides is, in some instances, 
observed to be low er at the starter unit than the rem ainder o f  the  molecule, 
because malonate m ust f irs t  be converted to  acetate , w ith  some of the fo rm e r 
being util ised in o the r b iosynthe tic  processes. Thus if LL-D2538 is derived from  
an ace toace ta te -subs t i tu ted  chromanone, incorpora tion  of m alonate in to  the 
side chain should be sim ilar to  incorporation into the carbon skeleton. If 
however the s ide-cha in  starts as aceta te  , then the s tarter e ffec t wou ld  be 




The so lvo lys is  o f 8_arylethyl systems and the nature of the ir  p roducts  has 
been im portan t to  the "non-c lass ica l ion" p ro b le m 15,16, a top ic  o f intense 
debate and experimenta l e ffo r t  f rom  the late 1940s. Broad agreem ent was 
reached only around 1970, but the top ic  still  a ttracts a t te n t io n 17. Kinetic and 
stereochem ica l studies on the so lvo lys is  of some 8~arylethyl com pounds  (17)18 
supported the fo rm ation  o f a bridged sym m etr ica l in term edia te  such as (18), 
term ed a "sp irocyc lopropy lbenzenon ium " or "phenon ium " ion. Subsequently, 
a lternative s tructures were proposed invo lv ing a pair o f rapid ly equ il ib ra ting  
"carbénium" ions (19), or, such ions stabilised by th rough -sp ace  deloca lisa tion  
by the aromatic  ï ï -e lectrons.
Eventually fu r the r  experimenta l studies appeared to  favour the existence of 
phenonium structures. This was supported in 1967 by the p ro ton n.m.r. 
spectrum of the species produced by ionising (17; R=OMe, X=CI) in aprotic  
superacid so lu t ion19. The signals s trong ly  favoured a "phenon ium '' s truc tu re  (18, 
R=OMe) (scheme 6).
The author noted tha t the pa ra -m ethoxy  subst i tuen t in particular, and 
(o r th o -  and para-) hydroxy or alkoxy substituen ts  in general, p rom ote  aryl 
partic ipation in phenonium ion form ation . Thus the s truc tu re  of LL-D253a is 
cons is tent w ith  the poss ib il i ty  o f an a lm ost sym m etr ica l phenonium  ion (15) 


















































Carbon S(ppm) A5(ppm  x
2-C H 3 20.4 26.9, 54.0,
-COCH3 20.6
-COCH3 20.6
1 ' 23.1 27.8, 55.7
3 45.4 32.6, 36.9
-OCH 3 56.0











Table 1: 13C n.m.r. spectrum of LL-D253a diacetate 
derived from  sodium [ 2 - 2H3, 2 - 13C]-acetate.
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2.2.1. Sum m ary
For the reasons described in the previous section, it was decided to  s tudy 
the incorpora tion  of [ 2 - 13C,2H3] -  acetate and [2—13C]- malonate in to  LL-D253a. 
In addition, it was proposed to  investigate the in  v itro  feas ib i l i ty  of 
random isation of its 2-carbon  s ide-cha in , as suggested in scheme 4. Finally it 
was hoped to synthesise each of the proposed in term edia tes (10)—(13), 
u lt im ate ly  w ith  a v iew  to  in troduction  of an iso top ic  label, in order to  tes t  the ir  
specif ic  incorporation into LL-D253a.
2.2.2. Formation o f  the F'yranorse Ring o f LL-D253a
It was decided that the tw o  mechanisms for chrom anone ring fo rm ation  
may be d is t inguished by incorporation o f [ 2 - 13C, 2H3]-ace ta te  into LL-D253a, 
and analysis of the resulting "a -sh if te d "  12 nm r signals. Accord ing ly , th is 
material was administered to  P. p ig m e n tivo ra  . LL-D253a was subsequently  
isolated, and its diacetate analysed by high field n.m.r. spectroscopy. 
Iso top ica l ly -sh if ted  signals were observed at f ive resonances (Figure 1), those 
correspond ing to C-1, C-3, C- 6  and both C -1 ' and C -2 ' (see Table 1).
A to ta l of three iso top ica l ly -sh if ted  signals were observed at C-1, in 
agreement w ith  the B—shift studies. Two deuter ium s were present at each of 
C -V  and C-2', confirm ing tha t s ide-cha in  randomisation occu rs14. The ratio of 
deuterium in orig ina lly  labelled (5) to  rearranged (5') material was 60:40, in 
agreement w ith  previous results. Also w orth  noting is the novel observation of 
deuterium retention at C - 6. Finally, tw o  signals were observed fo r  C-3, 
isotop ica lly  shifted by 0.326 and 0.369 ppm. Thus the m agnitude o f the sh ift
2.2. Discussion
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seems to  show  a s l igh t s tereochemical dependence. H owever there  is no 
iso top ica lly—shifted signal at around +0.70 ppm from  the parent signal, w h ich  
would  be expected fo r  molecules contain ing tw o  deuter ium s per labelled site. 
Thus the tw o  signals observed are due to  tw o  d iffe rent (axially and equatoria lly) 
m onodeuteria ted isotopomers. For th is reason the r in g -c lo su re  m echanism  
shown in scheme 3b may be ruled out. It is likely tha t the one shown in 
scheme 3a is valid, i.e. an enolate is fo rm ed stereospecif ica lly , and then 
protonated, w ith  equal facility, f rom  e ither face. It is w o rth  noting here tha t in 
the biosynthesis o f f lavanones from  chalcones, the correspond ing  enolate is 
formed, but subsequent p ro tonation  does  occur s te reospec if ica l ly20.
The 2H spectrum  of the above com pound is also w o r th y  o f com m ent. 
Although peaks were broad, signals due to  the 2 -m e thy l,  3 -  and the 1 '-  and 2 '-  
posit ions were apparent. All appeared to  be sp lit by coupling to  13C. This was 
clearest in the case o f the sharper, more intense, m ethyl signal. Tw o peaks of 
equal in tensity  (1.24 and 1.60 ppm.) were observed, w ith  a 2H - 13C coup ling  
constant of 19.5 Hertz. A less intense s ing le t at 1.45 ppm. is presum ab ly  due to 
the iso topom er conta in ing deuterium connected to 12C. In terestingly, th is  signal 
is not exactly m idway between the tw o  peaks due to the 2H - 13C double t; thus 
it would appear tha t the 13C has induced an upfield iso tope sh ift  in the 
deuterium signal of 0.026 ppm. compared w ith  deuterium connected to  12C. 
Although the o the r signals are less intense, it appears tha t fo r  each o f the 
three posit ions a doub le t is present.
0
• ^ O N a
0 OLi 0 0
•^O E t  -  * ^ O E t ^ E tO ^ ^ ^ O E t
( 2 0 ) ( 21 ) ( 2 2 )
Scheme 7
Carbon S(ppm) A B A/B (A/B)
2 -C H 3 20.40 7.306 5.530 1.321 1.4
-COCH3 20.60 6.189 4.865 1.272 1.7
-COCH3 20.67 6.537 4.865 1.343 1.6
V 23.02 5.515 4.882 1.130 1.2
3 45.32 7.442 4.766 1.561 1.7
-OCH 3 55.95 4.624 4.489 1.030 1.1
2 ' 62.57 5.875 4.813 1.221 1.3
2 73.96 4.922 5.306 0.928 1.0
6 98.77 7.141 4.245 1.682 1.8
4a 109.24 8.108 5.208 1.557 1.7
8 110.51 8.193 5.196 1.577 1.7
7 154.80 4.750 5.293 0.897 1.0
5 159.66 4.596 5.154 0.892 1.0
8a 161.89 4.822 5.572 0.865 0.9
-COCH3 168.43 4.795 4.575 1.048 1.1
-COCH3 170.68 4.421 5.088 0.869 0.9
4 189.92 4.765 4.658 1.022 1.1
Table 2: Comparison of signal in tensit ies of the 91MHz. 
13C n.m.r. spectra o f (A) LL-D253a diacetate 
labelled from  diethyl [ 2 - 13C ]-m a lona te  and 
(B) unlabelled LL-D253a diacetate.
* In the final co lumn, the ratio of A to  B is normalised 
to  make the average ratio fo r  the carbons derived 
from  C-1 of acetate equal to 1.0.
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2.2.3. Malonate Incorpora tion  into LL-D253a
In a pre lim inary experiment, [ 2 - 14C ]-m a lona te  was adm in is te red  to 
P. p igm entivora , and the LL-D253a obtained was purif ied and recrysta ll ised to 
constant activ ity. The d ilu t ion of label of 3.4, or about 20 per labelled site, 
suggested that [ 13C]-m alona te  would be incorpora ted e ff ic ien t ly  enough to  be 
detectable by 13C n.m.r.. As diethyl [ 2 - 13C ]-m a!onate  was not rou t ine ly  
available, it had to  be synthesised. In 1950 Ropp synthesised ethyl 
[ 2 - 14C]-aceta te  by heating sodium [ 2 - 14C j-ace ta te  w ith  tr ie thy l phosphate 
(scheme 7)21. In 1981, Leete reported the fo rm ation  o f the l i th ium  enolate (21) 
o f ethyl [ 2 - 13C]-acetate (20) at low  temperatures, and reacted it w ith  ethyl 
ch lo ro fo rm ate  to give d iethyl [ 2 - 13C]-m alonate  (22)22. The above procedures 
were adapted to  synthesise ethyl [ 2 - 13C ]-m a lona te  from  sodium 
[ 2 - 13C]-acetate (scheme 7).
This material was dilu ted w ith  unlabelled d iethyl malonate and adm in istered 
to  P. p ig m e n tivo ra  . LL-D253a was subsequently  isolated, and converted to  its 
diacetate. Its n.m.r. spectrum was obtained in the presence of the paramagnetic  
relaxation agent tr isace ty lace tona tochrom ium , in order to  normalise the signal 
intensities; inverse-ga ted  decoup ling was used to  suppress nuclear Overhauser 
enhancement (n.O.e.) effects. The intensit ies of each resonance were com pared 
w ith  tha t obtained from  a natural abundance spectrum run under the  same 
condit ions. As expected, all posit ions d irectly  derived from  the m ethy lene 
carbon of malonate showed enrichm ents above natural abundance (Table 2), of 
between 1.6 and 1 .8, relative to  the average enr ichm ent fo r  the 
carboxy l-derived positions. The 1-m ethy l signal showed a relative enr ichm ent 
o f 1.4, in agreement w ith  its posit ion in the starter unit as dem onstra ted  by 
previous results. The 1' and 2' posit ions showed enrichm ents  o f 1.2 and 1.3
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respectively. As both of these posit ions are derived from  the same acetate 
molecule, the enr ichm ent of th is pair of atoms is 1.5. This f igure  is low er than 
tha t of the (malonate) m ethy lene-der ived  pos it ions (3, 4a, 6 and 8), and is 
higher than the (malonate) carboxy l-derived pos it ions (2, 4, 5, 7 and 8a). It is 
however s im ilar in value to  that of the (1-) m ethyl s tarter unit. While th is result 
should be in terpre ted cautiously, it is ten ta t ive ly  suggested tha t the 
hydroxyethyl s ide -cha in  of LL-D253a and related m etabo lites is derived from  
reduction of an acetate s ide-chain, rather than from  degradation o f an 
acetoacetate s ide-chain.
(5) (23)











Scheme 8 : Synthetic  routes to deuteriated LL-D253a derivatives. 
Reagents: i) PhCH2Br, K2C 0 3; ii) PCC; iii) CH3ONa, CH3OD; 




2.2.4. Synthesis and Rearrangement o f  Specif ica lly  Deuteriated LL-D253a
Derivatives
It was decided to  synthesise specif ica lly labelled derivatives o f LL-D253a , 
and subject them  to various acidic and basic cond it ions, in o rder to  de te rm ine  
how readily random isation  of this label wou ld  occur. The label chosen was 
deuterium fo r its ease of in troduct ion  and ready detectab il ity .
The syn thetic  route is outlined in scheme 8. The benzyl e ther (23) was 
prepared from  LL-D253a by standard m ethodo logy. It was then carefu lly  
oxidised to (24) using pyrid in ium  ch lo rochrom ate , known to  favour fo rm a t ion  of 
aldehydes, rather than carboxylic  acids, from  primary alcohols. The aldehyde 
was im m edia te ly  subjected to exchange cond it ions  (sodium m ethox ide  in 
deu ter iom ethano l solution). The proton n.m.r. signals due to  the V and 3 
posit ions dim inished w ith in  three m inutes, and the 2 ' a ldehyde t r ip le t  was 
replaced by a singlet; thus exchange was rapid under these cond it ions. The 
product (25), known to  be unstable w ith  respect to air ox ida t ion4, was 
im m edia te ly  reduced using sodium borohydride. This too  was a rapid reaction 
and was carefu lly m on ito red  by analytical th in  layer ch rom atog raphy  to  
m in im ise overreduction  at the ketonic carbon. The result ing p roduct (26), once 
purified, y ielded an identical p ro ton n.m.r. to tha t of the s tarting alcohol (23), 
except tha t the 1 '-  and 3 -  signals had a lm ost disappeared, the 2 '-  s ignal was 
predom inantly  a singlet, and the 2 signal had sharpened to a quartet. Deuterium 
n.m.r. o f (26) gave tw o  signals at 2.57 and 2.90 p.p.m., co rrespond ing to  the 3 
and V posit ions respectively. The mass spectrum  of (26) gave m ajor peaks 
three and fou r  a tomic mass units higher than tha t of the parent peak o f (23).
It was decided as an alternative method to  d irectly  reduce (24) using 
sodium borodeuteride. This was carried out successfu lly  to give (27) w hose 
proton n.m.r. was identical to  tha t of (23), except that the 1' signal was now  a
Figure 2. Nmr. spectra of [ 2 ' - 2H ]-L L -D 2 5 3 a -7 -0 -b e n z y l  ether. 
2a: 80MHz. ^  spectrum  of unlabelled material.
2b: 80MHz. 1H spectrum.
2c: 30.7MHz. 2H spectrum.
Figure 3. Nmr. spectra of [1 ',2 '-2H ]-L L -D 2 5 3 a -7 -0 -b e n z y l  e th e r -2 '- tosy la te .  
3a: 80MHz. 1H spectrum  of unlabelled material.
3b: 80MHz. 1H spectrum.
3c: 30.7MHz. 2H spectrum.
Figure 4. Nmr. spectra of [ 2 ' - 2H ]-L L -D 2 5 3 a -7 -0 -b e n z y l  e the r-2 '- tosy la te .  
4a: 80MHz. 1H spectrum of unlabelled material.
4b: 80MHz. 1H spectrum.
4c: 55.3MHz. 2H spectrum.
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doublet superimposed on a tr ip let, and the 2 ' signal had d im in ished in in tens ity  
(Figure 2). The deuter ium  n.m.r. o f (27) showed a signal at 3.73 ppm (Figure 2) , 
correspond ing to  the 2' posit ion of (23). Mass spec trom etry  gave a parent peak 
one mass unit h igher than that of (23).
The to luenesu lphonate  ester (28) was prepared from  (27) by re fluxing it w ith  
a s light molar excess of p -to luenesu lphon ic  acid in benzene. Its p ro ton n.m.r. 
spectrum (Figure 3) showed superimposed doublets and tr ip le ts  fo r  both 1' and 
2 ' positions, indicating randomisation of the tw o  s ide-cha in  carbon atoms had 
occurred. This was confirmed by deuterium n.m.r.; tw o  signals at 2.97 and 4.13 
p.p.m. were observed. It is in teresting to note tha t there appeared to  be a 
s l igh t excess of the unrearranged product.
The to luenesu lphonate  ester was also prepared under basic cond it ions  
(to luenesulphonyl chloride, pyridine) to  give (29); its proton n.m.r. spectrum  
(Figure 4) gave a d im in ished tr ip le t correspond ing to the 2' posit ion, and a 
superimposed tr ip le t and doub le t fo r  the 1' position. The deuter ium  n.m.r. 
spectrum gave one signal only, at 4.13 p.p.m.; thus basic cond it ions  did not 
lead to randomisation of label.
This to luenesu lphonate  ester (29) was subjected to  acetolysis condit ions. 
The resulting acetate (30) showed tw o  singlets in its deuter ium  spectrum  
(Figure 5). Again there seemed to  be a s light excess of unrearranged acetate.
Thus it has been demonstrated that a close analogue of LL-D253a can 
undergo an acid-cata lysed randomisation at the side-chain. In order to  guage 
w hether such a rearrangement could occur in  v iv o , the labelled natural p roduc t 
[ 2 - 2FI]-LL-D253a was prepared and subjected to g row th  cond it ions  of 
P. p igm en tivo ra  The deuter ium -labe lled  benzyl ether (27) was hydrogeno lysed 
w ithou t rearrangement to  give the 2 '-deuter ia ted natural p roduct (31). This was
t------------------------ ■ ~   T
Figure 5. Nmr. spectra o f [1 ',2 '-2H ]-L L -D 2 5 3 a -7 -0 -b e n z y l  e th e r-2 '-ace ta te .  
5a: 80MHz. ^  spectrum of unlabelled material.
5b: 55.3MHz. 2H spectrum.
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administered to  a g row ing  culture o f P. p igm entivora , 60 hours after 
inoculation, and reisolated a fu r ther 24 hours later. As expected, the  deu ter ium  
label had been diluted, but all label remained at the 2 '-p o s it io n ,  as de term ined 
by deuterium n.m.r. spectroscopy. It is possible tha t the adm in is tered 
com pound did not gain access to  the site o f m etabo lite  p roduction , due to  
perm eabil i ty  problems. However it can be concluded tha t the  random isa t ion  of 
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Scheme 9
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2.2.5. Synthesis o f  Putative LL-D253a Precursors
it was proposed to  synthesise putative precursors (10), (11), (12) and (13) 
fo r  both R=H and R=Methyl.
One obvious initial ta rget com pound was the ace ty lch rom anone  (32). 
However it was expected that selective reduction of the 1' carbonyl group, in 
the presence of the 3 -  carbonyl, wou ld  be a m ajor problem. For th is reason the 
hydroxye thy lch rom anone (33) w ou ld  have to  be gained by another route; once 
obtained, it was reasoned tha t the o ther desired com pounds w ou ld  be 
accessible from  this, by dehydration to  the alkene (34), then epoxidation to (35), 
fo l low ed  by reductive r ing -open ing  of the epoxide to  give the desired 
hydroxyethyl com pound (36) (scheme 9).
Two major prob lems were antic ipated in the synthesis o f these apparently  
s imple compounds:
1. The necessity  fo r  the correct reg iochem istry , ie an 8-  
substituted, not a 6-subs t i tu ted  chromanone. If possible it 
was hoped to avoid a m ixture of these tw o  isomers.
2. With an eventual v iew  to  a labelled synthesis, the m ost 
eff ic ien t "cold" synthesis may not be the best labelled 
synthesis. In general it is best to in troduce the label as late 
as possible in the synthesis, and to  ensure that subsequent 
steps are high yielding.
As stated in the previous chapter, m ost routes to  chrom anones util ise the 
Friedel-Crafts reaction. Thus the obvious starting materia ls to  (32) are
Scheme 10
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5 .7 -d ih y d ro x y -2 -m e th y l-4 -c h ro m a n o n e  (37) or ph lo race tophenone (38), both o f 
w h ich have been prepared from  ph lorog luc ino l (39) (scheme 10 ).
The synthesis o f (37) from  ph iorog luc ino l and c ro ton ic  anhydr ide23, using 
a lum in ium  tr ich lo r ide  as catalyst, and n itrobenzene as so lven t has been 
reported. This m ethod gives low  yields, and the w o rk -u p  is ted ious  and messy. 
Boron tr i f luo r ide  has been used as cata lyst in the synthesis of
5 .7 -d ihyd ro xy -2 ,2 -d im e th y i-4 -ch ro rn a n o n e  from  d im ethy lac ry l ic  acid and 
ph lo rog luc ino l24. This procedure was repeated fo r  c ro ton ic  acid and 
ph lorogluc ino l; the result was a s light im p rovem en t in yield of (37), but w ith  
the same problem s of p roduct isolation.
A new route to  2 ,2 -d im ethy l chrom anones was recently  repo rted25; it uses 
m ethanesu lphon ic  acid as catalyst, and phosphorus pentoxide. The use o f th is  
powerfu l dehydrating agent means that the appropria te unsaturated acid may 
be used directly, and the chromanone r ing -c losu re  step proceeds 
spontaneously. This m ethod was applied to  the synthesis o f (37) w ith  an 
improved yield and easier isolation. However a t r icyc l ic  product, fo rm ed from  a 
£/'.?-crotonyl adduct, may have decreased the yield. This poss ib i l i ty  w i l l  be 
discussed in detail later.
The "thermal reaction" between d im ethy lacry lic  acid and ph lo rog luc ino l has 
been reported26 to  give 5 ,7 -d ih yd ro xy -2 ,2 -d im e th y l-4 -ch ro m a n o n e ,  in low  
yield. This m ethod was a ttem pted  fo r c ro ton ic  acid and ph lo rog luc ino l, but 
w ith o u t  success. Also, the attem pted condensation of c ro tonon it r i le  w ith  
ph lorogluc ino l, in the presence of the cata lyst benzyl tr lm e thy lam m on ium  
hydrox ide27, returned only starting material.
Acety la t ion  o f chrom anone (37) using standard cond it ions  gave a 1:1 












chrom atography  characteris tics, and different, but not d iagnostic , n.m.r. signals. 
These were the isom eric  8-ace ty l (32) and 6-ace ty l (40) chrom anones.
It was hoped tha t the Fries rearrangement of 7 -a c e to x y -5 -h y d ro x y -  
2 -m e th y l-4 -c h ro m a n o n e  (41) would give p redom inan tly  the desired 8-ace ty l  
isom er (32). Accord ing ly , selective acetylation o f (37) (taking advantage of the 
low er reactiv ity  o f the chelated 5 -hydroxy l group) gave the desired O -ace ta te  
(41). However a ttem pted  Fries rearrangem ent using a lum in ium  ch lor ide  cata lyst 
gave the deacylated com pound (37) as the on ly identif iab le  product. A ttem p ted  
rearrangement using "P ho to -F r ies"28 cond it ions  returned only s tart ing  material. 
These results are cons is ten t w ith  a report tha t esters w ith  an "o r tho  or para 
carbonyl" func t iona l i ty  are known to  respective ly  "h inder or p revent"  the Fries
oq
rearrangem ent . A recent publication has suggested tha t convers ion  o f the 
ketone into its cyc lic  ketal may reduce or negate th is e f fec t30.
Phloracetophenone (38) was synthesised in high yield from  ph lo rog luc ino l 
and acetonitr i le  by the Hoesch reac t ion31. A ttem pted  condensation  o f (38) w ith  
c ro ton ic  acid gave a lo w -y ie ld in g  complex mixture.
A possible route to  hydroxyethy l chromanones was envisaged (scheme 11). 
Selective pro tec tion  o f tw o  o f the hydroxy groups of (38) w ou ld  give (42). This 
could then be converted to  its c ro tonate  ester (43), w h ich  in tu rn  could be 
reduced to (44). If th is  hydroxyethy l ester undergoes a Fries rearrangem ent it 
w ou ld  give (45), which could be cyclised to (46).
To obtain the d im ethy l e ther (42) o f ph loracetophenone, iodom ethane and 
potassium carbonate were in it ia l ly  used. This however gave a m ix ture  o f the 
desired com pound and its 5 -m e thy l derivative (47)32, the la tte r from  
C -m ethy la t ion  due to  the h igh ly  nucleophilic  nature of the ph lo race tophenone 








Fortunately, an a lternative route, using d im ethyl sulphate, was available33; th is  
afforded the desired com pound cleanly, in good yield.
In o rder to  synthesise the cro tona te  ester (43), 
2 -hyd roxy -4 ,6 -d im e thoxyace tophenone  and cro tony l ch loride were refluxed in 
benzene w ith  magnesium r ibbon34. However m ain ly start ing  materia l was 
returned. The use o f h igher-bo i l ing  to luene instead of benzene gave the 
desired ester (43), a h igh ly crystall ine solid.
The reduction of th is compound to  the correspond ing hydroxyethy l ester 
(44) was attempted. All e fforts  using sodium borohydride resulted in hydro lys is  
o f the cro tony l moiety. The use of sodium borohydride adsorbed on silica gave 
2 -hyd roxy -4 ,6 -d im e thoxyace tophenone  as the f irs t  isolable product. When 
reduction o f the acetyl s ide-cha in  did occur, the result was a m ix ture  of the 
hydroxyethylphenol (48) and ethylphenol (49), which were d if f icu lt  to  separate.
It was then reasoned tha t if (48) could be made cleanly, it could be 
converted to  its cro tonate  ester which could in tu rn  be subjected to  Fries 
rearrangement conditions. However all a ttem pts at reduction using sodium 
borohydride gave a mixture of the ethyl and hydroxyethyl com pounds. 
Reduction using sodium borohydride on silica or sodium cyanoborohydr ide  
were slower, but no more selective.
This overreduction  o f a -a ry i  ketones to  arylalkanes has been reported 
briefly in the literature; In the s tructural determ ination o f clausenin, The 
reduction of its methyl ether (50) using sodium borohydride gave a m ixture of 
hydroxy (51) and methylene (52) products (scheme 12)35. In 1969 the 
borohydride reduction of a series of aryl alkyl ketones was reported. The 
proport ion of fu l ly  reduced (methylene) to  hydroxy com pound increased w ith  
the number of ortho and /o r para hydroxy or methoxy substituen ts  on the




Scheme 14: Synthetic  routes to ethylchromanones. 
Reagents: i) CH3CH:CHCOCI, Mg, PhMe; ii) AICI3, 150°C; 
iii) EtMgBr; iv) CH3CH:CHCOCI, PhMe; v) aqueous NaOH.
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arom atic  ring. This has been rationalised by the increased e lec tron -do na t ing  
ab il i ty  of the aryl nucleus, w h ich  can stabil ise a secondary carbocation such as 
(53), fo rm ed by expulsion of an oxygen -bo ron  species, from  a postu la ted 
in term edia te  such as (54) result ing from  carbonyl reduction  (scheme 13)36.
A ttem p ted  cata ly tic  reduction of (42) in ethanol or glacial acetic acid on ly 
returned s tart ing  material; refluxing w ith  sodium in e thano l37 had the same 
result.
However the ethyl com pound (49) itse lf is useful, as the ethyl chrom anone 
(8) is also a Phom a  metabolite. In addition it m igh t be possible to func tiona lise  
the benzylic methylene, by brom ina tion  fo l lowed by h y d r o ly s is .  Thus 
2 -hyd roxy -4 ,6 -d im e thoxyace tophen one  was reduced w ith  excess sodium 
borohydride. The desired com pound was obtained, but in low  yield. For th is 
reason the C lemmensen reduc t ion 38,39 (zinc am a lgam -hyd roch lo r ic  acid) was 
used. The p roduct was a gum, but after removing w a te r by azeotrop ing w ith  
benzene, an o f f -w h i te  solid (49) was obtained. A recent publication has 
reported the use of sodium cyanoborohydride  fo r  th is reaction40.
The cro tonate  ester (55) was obtained in the manner described fo r  the 
acetyl analogue. This was subjected to  standard Fries rearrangem ent 
cond it ion s41, and gave the desired p roduct (56), in low  yield; this was identical 
by analytical th in layer chrom atography  to the p roduct described in the 
fo l low ing  paragraph (scheme 14).
The use o f the "m agnes ium -d irec ted " Friedel-Crafts reaction should result 
in acylation o f phenol (49) o rtho to  the free hydroxyl g roup42, thereby achieving 
the desired reg iose lec t iv i ty  o f substitu t ion  leading to an 8  -e th y l-ch ro m a n o n e  
(57). Thus the m agnesium phenolate (58) was made, and reacted w ith  c ro tony l 
chloride under anhydrous conditions. The desired cro tony lphenol (56) was
Scheme 15
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obtained, along w ith  a small am ount o f the chrom anone (57). The fo rm e r 
exhib ited s im ila r spectral properties to those of its desethyl analogue (59), a 
m etabo lite  o f the herb DysophiHa ate/lata  43, and o f D. tom e tosa  (see Chapter 
1.2.4)44. The la tte r com pound (59) was later synthesised from  
2 -h yd roxy -4 ,6 -d im e thoxyace tophen one  (38) (see Chapter 1.3; scheme 8).
The cro tony lpheno l was isolated, and was converted into the  desired 
chrom anone (57) on s t irr ing  w ith  d ilu te  sodium hydroxide. In one experiment, 
(56) was stirred in sodium deuteroxide and deuter ioch lo ro fo rm ; the p ro ton nm r 
signals correspond ing  to  (56) dimin ished, to be replaced by signals 
correspond ing  to the chromanone.
With a v iew  to  synthes is ing  7 -h y d ro x y -5 -m e t f |y  chromanones, as present 
in s tructures (5)—(8), the above procedures leading to  5 ,7 -d im e thoxy  
chrom anones are unsa t is fac to ry  in tha t selective dem ethy la t ion  w ou ld  lead to 
the isom eric  5 -h yd ro xy -7 -m e th o xych ro m a n o n e .  Thus if a substitu ted
5 ,7 -d ihydroxychrom anone were  available, the 7 -hyd roxy  m o ie ty  could be 
se lective ly  p ro tected (by, say, benzylation), then 5 -O -m e thy la t ion ,  fo l low ed  by 
depro tec t ion  could be achieved.
The preparation o f 5 ,7 -d ih y d ro x y -8 -e th y l -2 -m e th y l -4 -c h ro m a n o n e  (60) by 
condensation of C -e thy lph lo ro g luc ino l (61) w ith  cro ton ic  acid, was investigated. 
C -e thy lph lo rog luc ino l was prepared by C lemmensen reduction of 
ph loracetophenone (scheme 15) but on condensation w ith  c ro ton ic  acid in 
methanesu lphon ic  acid in the presence of phosphourus pentoxide fou r  
com pounds w ith  s im ilar analytical th in layer ch rom atography character is t ics  
were obtained. Two com pounds w ith  s im ilar nmr. spectra and both of 
molecular w e ig h t 222 a.m.u. were separated w ith  d iff icu lty . They are 





obtained fo r  these com pounds is cons is ten t w ith  the ir  p roposed s tructures. 
However it has not been possible to  d is t inguish between the tw o  isomers; th is  
could readily be achieved by n.m.r. decoup ling experiments. A lte rnative ly , the 
d im ethyl e ther o f one of these com pounds should be identica l w ith  the 8-e th y l  
chromanone (57) derived from  a d iffe rent route.
The o ther tw o  com pounds had m o lecu la r w e igh ts  of 290 a.m.u.; Again they  
had a lm ost identical nmr. spectra, and conta ined the same signals as the 
spectra of (60) and (62), minus the arom atic  p ro ton and unchelated hydroxyl 
signals, ind icating that an addit ional ring had been form ed. Further s ignals at 
1.17 (doublet), 2.75 (multip let) and 3.50 (multip le t) were observed. These were 
very s im ilar in appearance to  the chrom anone signals at 1.54, 2.75 and 4.70 
ppm., and suggested the presence of an extra, but more shie lded, fused 
pyranone ring. Thus s tructures (63) and (64) were in it ia l ly  proposed fo r  the tw o  
compounds. The greater shie ld ing o f th is second ring was a ttr ibu ted  to  its 
posit ion in relation to  the carbonyl m o ie ty  o f the adjacent chrom anone ring. 
However the extent of the shie ld ing (1.0 and 0.3 ppm. fo r  the quarte t and 
double t respectively) seemed too  high to  a l low  such a ra t ionalisation. Also the 
coupling constants in th is second ring were s ign if ican tly  low er than those 
observed in the chromanone rings of (60) and (61). A second, though in it ia l ly  
less obvious, explanation is tha t  these signals are due to  the presence o f a 
a -py ranone  (d ihydrocoumarin) ring, fo r  example, s tructures (65) and (66), ra ther 
than an additional Y- Pyranons ( ° r chromanone) ring. Inspection o f the l i terature 
wou ld  appear to  support this; fo r  com pounds w ith  a s im ila r s tructure, the nmr. 
data quoted often covers large chemical sh ift ranges, is incom p le t ly  assigned, 
and no coupling constants are available. Nevertheless th is data shows a good 
corre lation w ith  the signals reported above of 1.17, 2.75 and 3.50 ppm.
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of a d ihydrocoum arin  ring. 5 ,7 -D ih yd ro x y -2 -m e th y l-4 -ch ro m a n o n e  (37) and its 
6/ 8-e th y l  hom ologue exhibit carbonyl absorbtions at 1630 and 1631 c m "1 
respectively. 5 ,7 -D ihyd ro xy -4 -m e th y l-d ih yd ro co u m a r in  (67), and com pounds  
(68) and (69) exhibit absorbtions at 1760, 1776 and 1786 respective ly, c learly 
due to  the presence o f the lactone moiety. The carbonyl absorb tions fo r  the 
tw o  com pounds o f m olecu lar w e igh t 290 are 1770 and 1790cm "1. Thus 
s truc tu res  (65) and (66) appear to  be cons is tent w ith  all of the experim enta l 
data available.
The fo rm ation  o f the com pounds proposed above must be rationalised. In 
such reactions, of e ither ph lo rog luc ino l or its ethyl hom ologue respective ly , no 
traces of 5 ,7 -d ih yd ro xy -4 -m e th y l-d ih yd ro co u m a r in  (67) or an ethyl analogue 
were apparent. Thus it w ou ld  seem that in both cases, C -acy la t ion  occurs to 
give, after cyclisation, the desired chromanones. The acylation products, due to 
the presence of an e lec tron -w ithd ra w ing  group a -  to the arom atic  ring, w ou ld  
be expected to  render these com pounds less nucleophilic  than the parent 
ph lorogluc ino is. Thus it is possible tha t com petit ion  between C -  and 
O-acy ia t ion  now favours the latter.
Closer scrutiny of the h igh—field spectra of these tw o  com pounds show  tha t 
certa in signals appear doubled up. For the compound w ith  the  h igher 
chrom atograph ic  m ob il i ty  of the tw o  ("Compound A"), the coum arin  m ethy l 
doub le t at 1.17 and the hydroxyl signal at 12.08 are split, by 0.012 and 0.027 
ppm. respectively. "Compound B", that w ith  a s ligh tly  higher polarity, shows 
doubling of the s ide-cha in  methyl tr ip le t at 1.07 and the chrom anone methy l 
doub le t at 1.51 ppm, of 0.0036 and 0.0025 ppm respectively (see Figure 6).
It is possible tha t both com pounds "A" and "B" described above are each a 
m ixture of d iastereoisomers. A less likely explanation fo r  th is phenom enon is
49
restr ic ted rotation. Variable tem perature nmr. studies w ith  com pound "B" were 
conducted; heating to 75°C caused l ine-broaden ing, but w i th o u t  any evidence 
o f coalescence.
50
General Procedures and instrum entation
Melting points were obtained on a Reichert hot stage machine and are 
uncorrected. M icroanalyses were obtained on a Carlo Erba 1106 e lemental 
analyser. U lt ra -v io le t  spectra were obtained using a Varian DMS 90 
spectropho tom eter;  baseline correction  fo r  so lvent absorbtion was carried out. 
Spectra were run in analar ch lo ro fo rm  unless o therw ise  stated. Loge is quoted 
be low  where e is in units of dm 3m o r 1c m " 1. In fra-red spectra were recorded on 
a Perkin Elmer 298 spectrom eter; Xmax values quoted were referenced against 
the po lystyrene signal at 1 6 0 3 cm '1, and the letters in parenthesis refer to 
relative intensities. Proton nmr spectra were obtained using a Varian EM 360 
continuous wave machine, and using Bruker WP 80 SY, WP 200 SY, WH 360 and 
WH 400 Fourier t rans fo rm  instruments. Deuterium nm r spectra were obtained 
using Bruker WP 80 SY, WP 200 SY and WH 360 instruments. 13C spectra were 
obtained using WP 200 SY and WH 400 instruments. Chemical shifts quoted 
be low  are relative to  te tram ethy ls i lane (tms); SH and <5C = 0.0 ppm. The letters 
in parenthesis refer to  signal multip lic ity . Mass spectra were obta ined from  a 
Kratos MS 90 instrument; ion fo rm ation  was achieved by electron impact.
Unless o therw ise specified, thin layer chrom atography was perfo rm ed using 
either analytical (5 x 20 cm.) or preparative (20 x 20 cm.) glass plates coated 
w ith  a 0.6 mm. layer of silica gel (Fluka AG 60765 Kieselgel GF 254). Unless 
o therw ise specified, chrom atogram s were visualised by u l t ra -v io le t  l igh t o f 254 
nm. wavelength. Reverse-phase high performance liquid ch rom a tog raphy  was 
carried out using a prepacked Versapack C-18 10pm column connected to  a 
Gilson 303 pump w ith  a 803C manom etr ic  module and 811 dynamic mixer, and 
contro lled using a da ta -m as te r  d isc-d r ive  and Apple m icrocom puter.
2.3. Experimental
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Aqueous so lu tions  fo r  feeding studies were steril ised by autoclav ing at 15 
p.s.i. fo r  at least 15 minutes.
Where extraction from  an aqueous so lu tion  into an organic so lven t has 
been reported, the latter was dried using anhydrous magnesium  sulphate. When 
dry solvents are specified, they were prepared by standard p rocedures45. 
N itrogen was dried by passing it th rough  a series of traps con ta in ing  i) 
concentrated sulphuric acid, ii) glass wool, iii) d ilu te sodium  hydroxide and iv) 
se lf - ind ica t ing  sil ica gel.
Radiocounting was performed using a Beckman LS 7000 Liquid Scin ti l la t ion  
counter, using program me 4 w ith o u t  an au tom atic  quench correction. Counting 
eff ic iency was determ ined by reference to  an H -num ber quench curve. The 
sc in t i l lan t used was a so lu t ion  o f butyi-PBD (10gI-1) in m e thano l- to luene  
(50:50).
The grow th  medium used fo r  the production  of LL-D253a conta ined the 
fo l low ing :
am m onium  tartrate 0.2% w /v
magnesium sulphate heptahydrate 0.05% w /v
potassium chloride 0.05% w /v
potassium orthophosphate 0.0 1 % w /v
ferrous sulphate heptahydrate 0.001% w /v
glucose 5.0% w /v
corn steep l iquor 1 .0% w /v
disti l led w ater to 100% w /v
r .  %V iX  ... y v >
Production and isolation of LL-D253a
Phoma p ig m e n tivo ra  (QM 502) was stored at 4°C in darkness under l iquid 
paraffin on slopes o f  co rn -m ea l agar (Oxoid CM 103). A spore suspension in 
disti l led w ater was inoculated into 250ml. Erlenmeyer flasks, each con ta in ing  
75ml. o f the g row th  medium listed above.
This seed cu lture was incubated fo r  three days at 26°C in cons tan t l igh t on 
an orbita l shaker. The mycelia l suspension was used to  inoculate fu r the r  flasks 
conta in ing the same medium w h ich  were in turn incubated under the same 
cond it ions fo r  up to  twe lve  days. Most g row th  occurred w ith in  f ive days by 
which t im e the medium  had changed from  light to  dark brown in colour.
The flasks' contents  were amalgamated, f i ltered and washed w ith  water. The 
combined f i l tra tes were acidified to  approximate ly pH 2 w ith  2N hydroch lo r ic  
acid, and extracted into ethyl acetate (4 times), g iv ing a com bined  vo lum e 
equal to  tha t o f the medium). This was dried and reduced in  vacuo  to  give a 
brown gum. Its const i tuen ts  were separated by preparative th in  layer 
chromatography, using ch lo ro fo rm -m e th a n o l (90:10) as eluant. The band 
correspond ing to  an authentic  sample o f the desired m etabo lite  (Rf 0.5) was 
isolated, (for larger quantities, initia l purif ication by flash chrom atography, using 
the same eluant, proved more convenient.) Further purif ica tion  by preparative 
thin layer ch rom atography using ace tone -ch lo ro fo rm  (20:80) as eluant gave the 
desired com pound (Rf 0.3), LL-D253U. (5), as a w h ite  solid. Recrysta ll isation f rom  
ethyl ace ta te -m ethano l afforded white  needles, m.p. 190-192°C. ( l i t .1 
188-188.5°C, l i t .2 191-193°C, l i t .4 192.5-193°C).
-  1H N.M.R. (80 MHz., CDCI3): 1.44 (3H, d, J=6.3Hz„ CHCH3), 2.40 
(2H, AB o f ABX, COCH2), 2.90 (2H, t, J=7Hz„ ArCH2CH2), 3.48 
(1H, br s, OH), 3.84 (3H, s, OCH3), 3.92 (2H, t, J=7Hz„
ArCH2CH2), 4.45 (1H, m, J=7Hz„ CHCH3), 6.13 (1H, s, ArH) ppm.
incorpora t ion  o f  Sodium [ 2 - 13C,2H3]-A ce ta te  in to  LL-D253a
A spore suspension o f P .p igm entivo ra  (QM 502) was inoculated in to  250ml. 
Erlenmeyer flasks, each conta in ing 100ml. of g row th  medium.
Labelled sodium  [ 2 - 13C,2H3]-ace ta te  (Amersham; 13C: 90% enriched, 2rl: 95% 
enriched) (204mg., 2.37mmoles) and unlabelled sodium acetate (402mg., 
4.90mmoles) were mixed and d issolved in d is ti l led w a te r (15ml.) and sterilised.
Sixty hours a fter inoculation, th is  so lu t ion  was d is tr ibu ted am ong the five 
flasks. These mycelia g rew  well, but did not darken as qu ickly as those  in the 
contro l flasks. A fte r  132 hours the g row th  media were f i l te red and extracted as 
described previously, to  yield a brown oil (537 mg.). This was purified by 
preparative th in  layer ch rom atography  (ch lo ro fo rm -m e than o l (98:2)), to  give a 
brown solid, s l igh t ly  impure (by analytical th in layer chrom atography) LL-D253ol, 
(158mg.).
Ace ty la t ion  o f  LL-D253a Derived f rom  Sodium [ 2 - 13C,2H2]-A ce ta te
LL-D253a, obta ined as described above (158mg., 0.63mmoles), was stirred 
w ith  acetic anhydride (1ml.) and pyrid ine (8 drops) fo r  f if teen m inutes at 100°C, 
w ith  the exclusion o f moisture. The product was poured onto ice (30ml.), and 
allowed to  reach am bient temperature. This was acidified (2N hydroch lo r ic  
acid), and extracted in to  ch lo ro fo rm . The organic layer was washed w ith  water, 
dried and reduced in  vacuo . Excess acetic acid was removed in  vacuo  as its 
azeotrope w ith  carbon te trachlor ide , to  yield a brown gum (146mg.). This was 
purified by preparative th in  layer ch rom atography (ch lo ro fo rm -m e than o l (98:2)),
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The main band (Rf 0.8) was isolated as a pale ye l low  oil which c rysta ll ised on 
standing, LL-D 253* -d ia ce ta te  (109mg„ 52%), m.p. 118-121°C, ( l i t .1 120-122°C, 
l i t .4 122.5-124.5°C).
-  1H N.M.R. (60 MHz., CDCI3): 1.55 (3H, d, J=6Hz., CHCH3), 2.05
(3H, s, CH2OCOCH3), 2.40 (3H, s, ArOCOCH3), 2.70 (2H, d,
J=7Hz„ COCH2), 2.90 (2H, t, J=7Hz„ ArCH2CH2), 3.95 (3H, s,
-OCH3), 4.25 (2H, t, J=7Hz„ ArCH2CH2), 4.65 (1H, q, J=7Hz„
CHCH3), 6.35 (1H, s, ArH) ppm.
-  2H N.M.R. (55 MHz., CHCI3): 1.42 (d, J=19.5.Hz„ 2 - 13CDn), 1.45
(s, 2 - 12CDn), 2.70 (d, J=13.8Hz„ 3 - 13CD), 2.84 (d, J=10.8Hz„
A r 13CDnCH2) 4.04 (d, J=22.7Hz„ ArCH213CDn) ppm.
-  13C N.M.R. (100 MHz., CDCI3): 20.4 (2-CH3), 20.6 (COCH3), 20.6 
(COCH3), 23.1 (C-V), 45.4 (C-3), 56.0 (OCH3), 62.7 (C-2'), 74.1 
(C-2), 98.9 (C -6), 109.4 (C-4a), 110.7 (C -8), 155.1 (C-7), 159.9 
(C-5), 162.1 (C -8a), 168.6 (COCH3), 170.8 (COCH3), 190.1 (C-4) 
ppm.
Malonate Incorporation into LL-D253a
Incorporation of Diethyl [ 2 - 14C]-Malonate into LL-D253ot
A spore suspension o f P.p igm entivora  (QM 502) was inoculated in to  ten 
250ml. Erlenmeyer flasks each contain ing 100ml. of g row th  medium. These 
flasks were incubated at 26°C in constant l ight on an orbital shaker.
Diethyl [ 2 - 14C]-m alonate  (Amersham; nominally 10pCi, in 1ml.) and 
unlabelled diethyl malonate (500mg., mmoles) were mixed, and th is  was made
55
up to  3ml. w ith  ethanol.
A nom inally  0.5pCi sample was analysed by liquid sc in t i l la t ion  counting , 
giv ing a value of 0.63pCi; thus the am ount conta ined in the feed was 
4 .0 3 p C im m o f1.
The above so lu tion  was inoculated into five flasks 50 hours a fter m ycelia l 
inoculation. The contents  o f these flasks g rew  well, but the mycelia darkened 
more s low ly  than those in the contro l flasks.
A fte r  a fu r the r  120 hours, the contents  o f the five flasks were f i ltered. The 
amalgamated f i l tra te  was extracted in to  ethyl acetate (300ml.) wh ich was dried 
and reduced in  vacuo  to  give a ye l low  gum (520mg.). This was purif ied by 
preparative thin layer ch rom atography  (ch lo ro fo rm -m e than o l (90:10)) to  give 
fa ir ly  pure LL-D253ot (70mg.). This was dissolved in analar acetone and a small 
a liquot conta in ing 1mg. was assayed by liquid sc in t i l la t ion  counting . The 
remainder was fu r the r  purified by preparative thin layer ch rom atog raphy  
(ace tone -ch lo ro fo rm  (20:80)), to  give pure LL-D253a (35mg.). Again a small 
a liquot was assayed by liquid sc in t i l la t ion counting. The rem ainder was 
recrysta ll ised from  methanol and ethyl acetate to  small w h ite  crysta ls  (20 mg.). 
A portion o f th is was again assayed by liquid sc in t i l la t ion  counting.
Specimen Calculation
activ ity  of (5) = 8762 cpm /g.
th is  represents 2.21 x 106cpm /m m o le
counting eff ic iency = 83.4%
thus specific activ ity  of (5) = 2.65 x 106 dpm /m m o le
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thus specif ic  ac t iv i ty  o f  (5) = 1.19 yC i/m m o le  
A c t iv i ty  o f m alonate feed = 4 .0 3 i iC im m o f1.
A c t iv i ty  o f im pure LL-D253a = 2 .2 7 ] iC im m o f \
A c t iv i ty  o f pure LL-D253a = 1 .2 5 y C im m o f1.
A c t iv i ty  o f recrysta ll ised LL-D253ct = 1 ,1 9 ] iC im m o f1.
The d ilu t ion  o f label is given by:
specif ic ac t iv i ty  of m e tabo li te /spec if ic  ac t iv ity  of precursor 
thus d ilu t ion = 4.03/1.19 = 3.4.
Assum ing 6 labelled sites per m olecule of (5), 
d i lu t ion  = 20.4 per labelled site.
E th y l A ce ta te  21
Anhydrous sodium acetate (812mg.,9.90mmoles) and fresh ly disti l led tr ie thy l 
phosphate (3.0ml.,3.2g.,17.6mmoies) were refluxed in a small pear-shaped flask 
fi l led w ith  glass wool. Precautions were taken to exclude moisture. A fte r one 
hour, the con ten ts  o f the flask were allowed to  cool, and the apparatus 
reassembled fo r  d is ti l la tion. The flask was connected to  an oil pump via tw o  
traps; the  f irs t  was mainta ined at -18°C, and the second was immersed in 
liquid n itrogen. The apparatus was heated to 120°C at 5mm.Hg fo r one hour, 
then allowed to  cool. The second trap contained the desired product, e thy l 
acetate, a lm os t pure by n.m.r., (646mg., 74%).
-  I . R .  1 7 4 0  < s ) '  1 2 3 9  ( s )  c m ’ 1 -
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-  1H N.M.R.: (60 MHz., (CD3)2CO) 0.60 (3H, t, J=6.5Hz„ CH2CH3),
1.38 (3H, s, COCH3), 3.54 (2H, q, CH2CH3).
E th y l [ 2 -  3 C j-A c e ta te
The above procedure was repeated, using sodium [ 2 - 13C]-ace ta te  
(Amersham; 90% enriched)(1,043g., 12.56 mmoles) and tr ie thy l phosphate
(3.9ml.,4.2g.,22.9mmoles). The isolated p roduct was a clear liquid, e th y l 
[ 2 -  C j-aceta te , (955mg.,85% crude), w h ich  was kept dry until fu r the r  use.
D ie th y l M a!on a te  22
All g lassware was dried at 140°C prio r to use; precautions were taken to 
exclude moisture. B is - tr im e thy ls i ly lam ine  (5.6ml.,4.3g.,26.5mmoles) in dry 
te trahydro fu ran  was cooled to  -65°C, and n -b u ty l l i th iu m  (31.6mmoles in 
hexane) was added. The so lu t ion  warm ed to  ambient tem perature, and was 
fu r the r  cooled to  -72°C. Dry ethyl acetate (1.45ml.,1.31g.,14.9mmoles) in 
te trahydro fu ran  (3.5ml.) was added over 10 minutes. A fte r one hour, fresh ly  
d is ti l led ethyl ch lo ro fo rm a te  (1.4ml.,1.6g., 14.6mmoles) was added dropwise. The 
so lu tion  was stirred fo r  a fu r the r 2.5 hours, and allowed to  warm  to  room 
temperature.
Hydrochlor ic  acid (6N, 4ml.), then w ater (20ml.), and ether (100ml.), were 
added to  the product. The aqueous layer was washed w ith  ether (50ml.). This 
was washed w ith  hydroch lo r ic  acid (20ml.), wa te r (50ml.) and sodium 
bicarbonate so lu t ion  (5%; 50ml.). The combined ethereal extracts were dried 
and reduced in  vacuo  to  yield a ye l low  liquid (1.95g., 82%).
-  I.R. ( x O :  1750 (s) cm “ 1.
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-  1H N.M.R.: (60 MHz., neat) 0.92 (6H, t, J=7Hz„ CH2CH3): 3.02 
(2H, s, CH2(CO)2), 3.87 (4H, q, J=7Hz„ CH2CH3).
D ie th y l [ 2 -  3 C ]-M a !ona te
The above procedure was repeated using ethyl [ 2 - 13C ]-ace ta te
(1.193g.,1.07g.,12.1mmoles), b is - t r im e thy ls i ly lam ine  (4.7ml.,3.6g.,22.3mmoles)/ 
n -b u ty l l i th iu m  (27.2mnnoles in hexane) and ethyl ch lo ro fo rm a te
(1.3ml.,1.48g.,13.6mmoles). The product was a pale ye l low  liquid, d ie th y l
[ 2 - ^  C ]-m a lona te  (1.669g.,86% crude), con tam ina ted  by a com pound  w ith  a 
chemical sh ift  o f -0 .25 ppm. Its purity  by gas ch rom atog raphy  (10% APL 
column, 139°C) was 80%, hence net yieId = 69%.
Incorpora tion  o f  Diethyl [ 2 - 13C ]-M a lona te  in to  LL-D253a
A spore suspension o f P .p igm entivo ra  (QM 502) was inoculated into 250ml. 
Erlenmeyer flasks, each con ta in ing  100ml. of medium. These were g row n on an 
orbita l shaker at 26°C in constan t light.
Labelled d iethyl malonate (203mg., 1.26mmoles) was mixed w ith  unlabelled 
d iethyl malonate (406mg., 2.53mmoles), and d issolved in m ethanol (3ml.). This 
was d is tr ibu ted among f ive flasks, 56 hours after inoculation; all mycelia g rew  
as well as those in the con tro l flasks. A fte r five days, the g row th  media were 
f i l tered and extracted as described previously, to  give a brown oil (538mg.). Its 
com ponents  were separated by preparative th in  layer ch rom atog raphy  
(ch lo ro fo rm -m e than o l (90:10)). A band which had the same Rf as a spo t of 
standard LL-D253a was isolated (163mg.). This was fu r the r  purif ied by
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preparative th in  layer ch rom atog raphy  (a ce tone -ch lo ro fo rm  (90:10)) to  give a 
w h ite  solid, LL-D253a (49mg.), m.p. 187-190°C ( l i t .1 188-188.5°C, l i t .2 
191-193°C, l i t .4 192.5-193°C).
Acety la t ion  o f  LL-D253a Derived from  Diethyl [ 2 - 13C ]-M a lona te
LL-D253a, obta ined as described above (49mg., m m oles) was stirred w ith  
acetic anhydride (1ml.) and pyrid ine (5 drops); precautions were  taken to 
exclude moisture. A fte r  removal o f so lven t a brown oil was obtained. This was 
purified by preparative th in  layer ch rom atog raphy  (ch lo ro fo rm -m e th a n o l (98:2)) 
to  give a w h ite  crysta ll ine solid, L L -D 2 5 3 a -d ia ce ta te  (60mg., 91%)., m.p. 
121-123°C ( l i t1 121-122°C, l i t .4 122.5-124.5).
-  1H N.M.R. (60 MHz., CDCI3): 1.60 (3H, d, J = 6Hz„ CHCH-{3}),
2.15 (3H, s, CH2OCOCH3), 2.47 (3H, s, ArOCOCH3), 2.74 (2H, d,
J=7Hz., COCH2), 2.94 (2H, t, J=7Hz„ ArCH2CH2), 3.95 (3H, s,
-O C H 3), 4.25 (2H, t, J=7Hz„ ArCH2CH2), 4.67 (1H, q, J=7Hz„
CHCH3), 6.33 (1H, s, ArH) ppm.
-  13C N.M.R. (MHz., CDCI3): 20.4 (2-CH3), 20.6 (COCH3), 20.7 
(COCH3), 23.0 (C-1'), 45.3 (C-3), 56.0 (OCH3), 62.6 (C-2'), 74.0 
(C-2), 98.8 (C -6), 109.2 (C-4a), 110.5 (C -8), 154.8 (C-7), 159.7 
(C-5), 161.9 (C—8a), 168.4 (COCH3), 170.7 (COCH3), 189.9 (C-4) 
ppm.
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7 -B e n z y lo x y -8 -(2 -h y d ro x y e th y l) -5 -m e th o x y -2 -m e th y l-4 -c h ro m a n o n e  (23)
7 -H y d ro x y -8 - (2 -h y d ro x y e th y l ) -5 -m e th o x y -4 -c h  roman one (LL-D253a) (5)
(286mg., 1.13mmoles), anhydrous potassium  carbonate (313m g„ 2.27mmoles) 
and benzyl brom ide (288ml., 403mg., 2.35mmoles) in dry acetone were stirred 
mechanica lly  under reflux w ith  the exclusion of moisture. A f te r  16 hours, 
analytical th in  layer chrom atography (ch lo ro fo rm -m e than o i (96:4)) showed that 
no starting materia l remained. A fte r cooling, the product, a ye l low  so lu tion  over 
a w h ite  solid, was reduced in  vacuo . The result ing w h ite  solid was taken up 
in w a te r (100ml.) and extracted into ethyl acetate (3x50 ml. portions). The 
organic layer was dried and reduced in  vacuo  to  a ye l low  oil.
This was purified by preparative th in  layer ch rom atog raphy  using 
ch lo ro fo rm -m e th a n o i (96:4) as eluant. The m ost intense band (Rf 0.2) , g iv ing a 
strong blue f luorescence under u ltrav io le t irradiation, and a ye l low  co lou r  after 
spraying w ith  e thano l-su lphu r ic  acid (90:10) and heating, was isolated as a 
colourless gum (215mg., 55%), wh ich  crysta ll ised on standing. This was 
recrystall ised from  ethyl acetate to  give w h ite  needles o f 7 -b e n z y io x y -8 -  
(2 -h y d ro x y e th y l)-5 -m e th o x y -2 -m e th y l-4 -c h ro m a n o n e  (23), m.p. 133-135°C 
( lit4135-136.5°C). The fo l low ing  data were identical to those of an authentic  
sample.
-  I.R. (V ™ "): 3462 (br, m), 1647 (m), 1596 (s), 1560 (m), 1273 
(m), 1119 (s) cm “ 1.
-  1H N.M.R. (80 MHz., CDCI3): 1.41 (3H, d, J=6.3Hz„ C -C H3), 1.96 
(1H, brs , -OH), 2.54 (2H, d, J=7.2Hz„ COCH2), 2.90 (2H, t,
J=6.5Hz„ ArCH2CH2-), 3.71 ((2H, t, J=6.5Hz„ ArCH2CH2-), 3.79 
(3H, s, -O C H3), 4.50 (1H, q, J=7.1Hz„ 2-H), 5.10 (2H, s, PhCH2-),
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6.11 (1H, s, ArH), 7.33 (5H, s, C6H5) ppm.
-  M.S. (m /z (%)) 342 (m +, 10), 311 (17), 227 (33), 168 (19), 150 
(49), 91 (100).
7 -B e n z y lo x y -5 -m e th o x y -2 -m e th y l-8 -  (2 -o xo e ih y l)-4 ~ ch ro m a n o n e  (24)
To a stirred so lu t ion  of 7 -B e n z y lo x y -8 - (2 -h y d ro x y e th y l) -5 -m e th o x y -  
2 -m e th y l-4 -c h ro m a n o n e  (LL-D 253a-benzy l ether) (23) (249mg., 0.73mmoles) in 
dry methy lene chloride was added recrystall ised, dry pyr id in ium  ch lo rochrom ate  
(296mg., 1.37mmoles), w ith  s t irr ing  at ambient temperature. The reaction was 
m on ito red  by analytical th in layer chrom atography (ch lo ro fo rm -m e than o l (96:4)); 
a spot correspond ing to  the substrate  (Rf 0.3) decreased in in tens ity  over three 
hours, accompanied by the appearance of a less polar com pound w ith  the 
same Rf (0.5) as an authentic  sample of the antic ipated product.
W ater was added, and the p roduct extracted into ether (4x50ml. portions). 
The ethereal so lu t ion  was dried and reduced in  vacuo  to  yield an o f f -w h i te  
solid (218mg., 88%), show ing identical analytical thin layer chrom atography  and 
n.m.r. character is t ics  to  an authentic  sample of 7 -b e n z y lo x y -5 ~ m e th o x y -  
2 -m e th y l~ 8 -(2 -o x o e th y l)-4 -c h ro m a n o n e  (24), m.p.119-125°C (lit.4123-127°C
dec.).
-  1H N.M.R. (60 MHz., CDCI3): 1.45 (3H, d, J=6Hz„ C -CH3), 2.60 
(2H, d, J=7Hz., 3 -H 2), 3.67 (2H, d, J=1.5Hz„ ArCH2-), 3.87 (3H, s,
-O C H 3), 4 .2 -4 .8 (1H, s, 2-H), 5.15 (2H, s, PhCH2-), 6.20 (1H, s,
ArH), 7.36 (5H, s, C6H5), 9.60 (1H, t, J=1.5Hz„ -CHO).
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[  / ' J -2 HA]-7 -B e n z y lo x y -8 - (2 -h y d ro x y e th y i) -5 -m e th o x y -2 -m e th y l-
4 -ch ro m a n o n e  (26)
Crude 7 -b e n z y lo x y -5 -m e th o x y -2 -m e th y l -8 - (2 -o x o e th y l ) - 4 - c h  roman one (24) 
(188mg., 0.55mmoles) was dissolved w ith  d if f icu lty  in deu te r iom e thano l (0.5ml.) 
in a 5 mm. n.m.r. tube to  give a ye l low  so lution, the 60 MHz. n.m.r. spectrum  of 
w h ich  was recorded. Compared w ith  the spectrum  run in deu te r ioch lo ro fo rm , 
signals due to  the a ldehyde proton (9.65 ppm) and the p ro tons on the adjacent 
carbon (3.60 ppm) had d im in ished, w ith  the appearance o f a doub le t at 2.85 
ppm, suggesting  the presence o f an acetal or hemiacetal in m ethano lic  
solution. A fte r  s tanding at 24 hours at am bient tem pera tu re  an n.m.r. spectrum  
was recorded, w ith  no apparent changes.
A so lution o f sod ium  deuter iom e thox ide  in deu ter iom ethano l was prepared 
by adding sodium  (25mg., 1.09mmoles) to  cooled deuter iom ethano l (0.25ml.), 
and a port ion  o f th is (3 drops) was added to  the n.m.r. tube, w hereby the 
ye l low  co lou r darkened. The n.m.r. spectrum  was recorded immedia te ly ; signals 
at 2.45, 2.80, 3.60 and 9.65 ppm had greatly  dimin ished. No fu r the r  changes 
to o k  place over the next ten minutes. The p roduct was acidified (2N 
hydroch lo r ic  acid) and extracted into ethyl acetate (2x 50ml.), dried (magnesium 
sulphate) and reduced in  vacuo  to  yield a ye l low  oil (191mg.). The 60 MHz. 
n.m.r. spectrum of the crude p roduc t indicated an absence o f s ignals at 2.60 
and 3.60 ppm; also, the aldehyde signal at 9.60 was now  a singlet. Otherwise, 
the spectrum  was identical to  tha t of the starting aldehyde:
-  1H N.M.R. (60 MHz., CDCI3): 1.45 (3H, d, J=6Hz„ C -C H3), 3.85 
(3H, s, -O C H 3), 4.50 (1H, m, 2-H), 5.15 (2H, s, PhCH2-), 6.20 
(1H, s, ArH), 7.35 (5H, s, C6H5), 9.65 (1H, s, ArCD2CHO) ppm.
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The p roduc t was not fu r the r  characterised, but im m ed ia te ly  reduced. 
Sodium borohydr ide  (8mg., 0.22mmoles) was stirred in dry ethanol (3ml.) fo r  45 
m inutes. The crude deuter ioa ldehyde was dissolved in dry te trahydro fu ran  
(8ml.) in a f lask f i t ted  w ith  septum  and gua rd -tube , and the borohydride 
so lu t ion  was added to  this. The progress o f the reaction was m on ito red  by 
analytical th in  layer chrom atography, using c h lo ro fo rm -m e th a n o l (96:4) as
eluant. A fte r  f ive m inutes, hardly any substrate (Rf 0.6) remained, wh ile  a spot 
correspond ing  to  the unlabelled a lcohol (Rf 0.45) was visible. The reaction was 
quenched by adding 2N hydroch lo r ic  acid and extraction into ethyl acetate (3x
30ml.), wh ich was dried (magnesium sulphate) and reduced in  vacuo  to  yield a
l im e-g reen  oil (183mg.).
This was purified by preparative thin layer chrom atography  using 
c h lo ro fo rm -m e th a n o l (96:4) as eluant. The m ost intense band under uv
radiation was isolated to yield [V ,3~  H ^ ]~ 7 -b e n z y lo x y -8 -  
(2 -h y d ro x y e th y i) -5 -m e th o x y -2 -m e th y l-  4 -ch ro m a n o n e  (26) (70mg., 39%), as a 
clear oil w h ich  crysta ll ised on standing. This was recrysta ll ised from  ethyl 
acetate to give w h ite  needles, m.p.128-135 C. (lit.3135— 136 C).
-  1H N.M.R. (80 MHz., CDCI3): 1.43 (3H, d, J=6.3Hz„ C -CH 3), 1.85 
(1H, br s, -OH), 3.72 (2H, s, ArCD2CH2), 3.81 (3H, s, -O C H 3),
4.45 (1H, q, J=6Hz„ 2-H), 5.12 (2H, s, PhCH2-), 6.13 (1H, s, ArH),
7.36 (5H, s, C6H5) ppm.
-  2H N.M.R. (31 MHz., CHCI3): 2.57, 2.90 ppm.
-  M.S. (m /z  (%)) 346 (m+, 13), 345 (14), 315 (18), 314 (20), 279 
(15), 167 (37), 151 (30), 91 (100).
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[2 '~  ] -7 -B e n z y lo x y -8 -(2 -h y d ro x y e th y l) -5 -m e th o x y -2 -m e th y l-
4 -ch ro m a n o n e  (27)
7 -B e n z y lo x y -8 - (2 -o x o e th y l ) -5 -m e th o x y -2 -m e th y l -4 -c h ro m a n o n e  (25)
(35m g„ O.IOmmoles) in dry te trahydro fu ran (1.5ml.) was reduced by sod ium  
borodeuteride (Aldrich; 98% atom enriched) (10mg., 0.24mmoles) as described 
in the  previous section. The product, a pale brown oil, was purif ied by 
preparative thin layer ch rom atography  to  give the desired product, [ 2 '^ H ^ ] -  
7 -b e n z y lo x y -8 -(2 -h y d ro x y e th y l)-5 -m e th o x y -2 ~ m e th y l-4 -c h ro m a n o n e  (27), 
a lm ost pure, as a wh ite  solid, (10mg., 29%).
-  1H N.M.R. (80 MHz., CDCI3): 1.46 (3H, d, J=6.3Hz„ C -C H 3), 2.59 
(2H, m, AB of ABX, J=7.6, 1.0Hz., 3 -H 2), 2.93 (d, J=7.5Hz„ 
ArCH2CHD-), 2.94 (t, ArCH2CH2), 3.74 (m, ArCH2CHD~), 3.84 
(3H, s, -O CH 3), 4.50 (1H, dq, J=7, 1Hz„ CHCH3), 5.15 (2H, s,
PhCH2), 6.15 (1H, s, ArH), 7.38 (5H, s, C6H5) ppm.
-  2H N.M.R. (55 MHz., CHCI3): 3.73 ppm.
-  M.S. (m /z (%)) 343 (m +, 3), 311 (6), 287 (4), 256 (5), 255 (7),
221 (7), 94 (97), 91 (100).
7 -B e n z y lo x y -5 -m e th o x y -2 ~ m e th y l-8 -(2 -(4 -m e th y lp h e n y l)-
su lp h o n y lo xye th y l)-4 -ch ro m a n o n e
7 -B e n z y lo x y -8 - (2 -h y d ro x y e th y l) -5 -m e th o x y -2 -m e th y l-4 -c h ro m a n o n e  (24) 
(LL-D253a-7-£7-benzyl ether) (118mg., 0.345mmoles) and p -to luene su lphon ic  
acid (85mg., 0.49mmoles) were stirred toge the r  in refluxing benzene (25ml.) 
w ith  the exclusion of moisture. A fte r 15 hours the brown so lution was a llowed 
to  cool, and reduced in  vacuo . A fte r preparative th in  layer ch rom atog raphy  
(ch lo ro fo rm -m e thano l (98:2)) the  m ost intense band (Rf 0.2), blue under uv
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irradiation, was isolated, 7 -b e n z y lo x y -5 -m e th o x y -2 -m e th y l-8 - (2 - (4 -m e th y l 
p h e n y l)-  su lp h o n y lo xye th y l)-4 -ch ro m a n o n e  A small am oun t of s tarting materia l 
was also isolated. The p roduct was recrystall ised from  ethyl acetate to  give 
w h ite  needles, m.p. 83-85°C.
-  Found: C, 65.5; H, 5.58%. C27H280 7S requires C, 65.3; H, 5.68%.
-  U.V. (Xmax (loge)): 318 (3.62), 287 (4.22), 244 (4.04)nm.
-  I.R. (V™][): 1669 (s), 1586 (s), 1567 (s), 1302 (m), 1289 (m),
1262 (m), 1254 (m), 1205 (m), 1177 (s), 1172 (s), 1143 (m),
1 1 1 1  (s).
-  1H IM.M.R. (80 MHz., CDCI3); 1.33 (3H, d, J=6.2Hz„ C -CH3) 2.34 
(3H, s, ArCH3), 2.38-2.49 (2H, m, AB of ABX, 3-H), 2.94 (2H, t,
J=6.8Hz„ ArCH2-), 3.79 (3H, s, -O C H 3), 4.10 (2H, t, J=6.8Hz„ 
ArCH2CH2-), 4.28-4.43 (1H, m, X o f ABX, CHCH3), 5.05 (2H, s,
PhCH2), 6.05 (1H, s, ArH), 7.14 (2H, d, J=8.5Hz„ 2 of - C 6H4CH3),
7.34 (5H, s, C6H5), 7.58 (2H, d, J=8.4Hz, 2 o f C6H4CH3) ppm.
-  M.S. (m /z (%)) 496 (m +, 8), 234 (26), 192 (20), 107 (28), 92 (15),
91 (100).
[  1 ',2 '- / /  ]-7 -B e n z y lo x y -5 -m e th o x y -2 -m e th y l-8 - (2 - (4 -m e th y lp h e n y l) -
su lp h o n y lo xye th y l)-4 -ch ro m a n o n e  (28)
[ 2 ' - 2H1] -7 -B e n z y lo x y -8 - (2 -h y d ro x y e th y l ) -5 -m e th o x y -2 -m e th y l -  
4 -ch rom anon e  (27) (15mg., 0.04mmoles) and p -to luenesu lphon ic  acid (9mg., 
0.05mmoles) were dried tho rough ly  and stirred in refluxing benzene w ith  the 
exclusion o f moisture. Analytical th in layer chrom atography  
(ch lo ro fo rm -m e than o l (98:2)) after 13 hours showed a m ajor spot (Rf 0.4) plus
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starting material (Rf 0.25). More p - to luenesu lphon ic  acid (16mg., 0 .08mmoles) 
was added. Analyt ica l th in  layer ch rom atography a fter a fu r the r  8 hours 
indicated that l i t t le  s tarting material remained. The so lu tion  was reduced in  
vacuo  to  give a brown gum (68mg.) w h ich  was purified by preparative thin 
layer chrom atography  (Merck g lass-backed silica plates; ch lo ro fo rm -m e th a n o l  
(96:4)). The main band (Rf 0.8) was isolated (10mg., 46%), as a c lear gum, 
[1  ',2 '- ] -7 -b e n z y lo x y -5 -m e th o x y -2 -m e th y l-8 - (2 - (4 -m e th y lp h e n y l) -  
su /phony/oxye thy l)- 4 -ch rom anon e  (28).
-  1H N.M.R. (80 MHz., CDCI3): 1.37 (3H, d, J=6.25Hz„ C -C H3), 2.98 
(d, J=7.0Hz., ArCH2CHD-), 2.98 (t, J=7.0Hz„ ArCH2CH2), 3.83 (3H, 
s, -O C H 3), 4.13 (d, J=7.1 Hz., ArCHDCH2), 4.14 (t, J=7.0Hz„ 
ArCH2CH2), 4.25-4.50 (1H, m, X o f ABX, CHCH3), 5.08 (2H, s,
PhCH2-), 6.07 (1H, s, ArH), 7.18 (2H, d, J=8.6Hz„ 2 of C6H4CH3),
7.38 (5H, s, C6H5), 7.62 (2H, d, J=6.7Hz., 2 of C6H4CH3) ppm.
-  2H N.M.R. (55 MHz., CHCI3): 2.97, 4.13 ppm.
[2 ’~ H  ]-7 -B e n z y lo x y -5 -m e th o x y -2 -m e th y l-8 -(2 -(4 -m e th y lp h e n y l)
su lp h o n y lo xye th y l)-4 -ch ro m a n o n e  (29)
[ 2 ' - 2H1 ] -7 -B e n z y lo x y -8 - (2 -h y d ro x y e th y l ) -5 -m e th o x y -2 -m e th y l -  
4 -ch rom anone  (27) (15mg„ 0.044mmoles) and p -to luenesu lphony l ch lor ide 
(27mg„ 0.142mmoles) were stirred in pyridine (10 drops) at am bient 
tem perature  w ith  the exclusion of moisture. A fte r five hours the p roduc t was 
acidified (2N hydroch lo r ic  acid), g iving a w h ite  precipitate, w h ich  was taken up 
in ch lo ro fo rm  (2x20ml.). This was dried (magnesium sulphate) and 1H 
N.M.R. indicated that the desired product was present, w ith  m ino r im purit ies. 
A fte r  preparative thin layer chrom atography (ch lo ro fo rm -m e thano l (97:3)), the
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m ost intense band (Rf 0.7) was isolated as a clear gum, 
/ i?'-2 ] -7 -b e n z y lo x y -5 -m e th o x y -2 -m e th y l-8 - (2 - (4 -m e th y lp h e n y l)  
-su lp h o n y lo x y e th y l)-4 -c h ro m a n o n e  (29) (18mg., 83%).
-  1H N.M.R. (80 MHz., CDCI3): 1.37 (3H, d, J=6.2Hz„ C -CH 3), 2.38 
(3H, s, ArCH3), 2.45-2.55 (2H, m, AB of ABX, 3-H), 2.98 (d,
J=7.0Hz„ ArCH2CHD-), 2.98 (t, J=7.0Hz„ ArCH2CH2-), 3.82 (3H, 
s, -O C H 3), 4.13 (brt, J=7.0Hz„ ArCH2CHD-), 4.25-4.50 (1H, m, X 
o f  ABX, 2-H), 5.08 (2H, s, PhCH2-), 6.07 (1H, s, ArH), 7.18 (2H, 
d, J=9.2Hz„ 2 o f C6H4CH3), 7.37 (5H, s, C6H5) 7.62 (2H, d,
J=8.3Hz., 2 o f C6H4CH3) ppm.
-  2H N.M.R. (55 MHz., CHCI3): 4.13 ppm.
8 -(2 -A c e tc x y e th y l) -7 -b e n z y lo x y -5 -m e th o x y -2 -m e th y l-4 -c h ro m a n o n e
7 -B e n z y lo x y -8 - (2 -h y d ro x y e th y l ) -5 -m e th o x y -2 -m e th y l -4 -c h ro m a n o n e  (24) 
(75mg., 0.22mmoles) was heated in glacial acetic acid at 60°C fo r 14 hours. The 
ye l low  so lu tion  was reduced in  vacuo  to  give a brown gum A fte r preparative 
thin layer ch rom a tog raphy  (ch lo ro fo rm -m e than o l (96:4)), the tw o  main bands 
w ere  isolated. That w ith  the  h igher Rf (0.8) was the antic ipated product. The 
materia l w ith  the lower Rf (0.7) corresponded to  an authentic  sample o f s tart ing 
material. This was fu r the r  heated in glacial acid fo r  at 60°C fo r  48 hours. The 
p roduct was worked up as above to yield, a fter preparative th in  layer 
chrom atography, s tarting materia l (23mg, ) and the antic ipated product, 8 -  
(2 -a c e to x y e th y l)-7 -b e n z y lo x y -5 -m e th o x y ~ 2 -m e th y l-4 -c h ro m a n o n e  (21 mg.,
49mg. total, 58%, 84% corrected fo r  recovered starting material).
Recrystall isation from  ether afforded clear blocky plates, m.p. 99-101°C.
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-  Found: C, 68.9; H, 6.35%. C22H 240  6 requires C, 68.7; H, 6.29%.
-  U.V. ( \ max (loge)): 318 (3.72), 284 (4.35), 240 (4.10) nm.
-  i.R. (V^ax.): 1749 (s), 1672 (s), 1594 (s), 1238 (m), 1219 (s),
1141 (m), 1128 (s), 1078 (m), 814 (m) c m -1.
-  1H N.M.R. (80 MHz., CDCI3): 1.44 (3H, d, J=6.3Hz„ C -C H 3) , 1.96 
(3H, s, -COCH3), 2.55 (2H, m, AB o f ABX, 3-H), 2.95 (2H, t,
7.0Hz., ArCH2), 3.81 (3H, s, -C H 3), 4.16 (2H, t, J=7.0Hz„ 
ArCH2CH2-), 4.45 (1H, m, X of ABX, 2-H), 5.13 (2H, s, PhCH2-),
6.11 (1H, s, ArH), 7.36 (5h, s, C6H5CH2-)  ppm.
-  M.S. (m/z (%)) 384 (m +, 3), 325 (10), 324 (40), 233 (27), 191
(14), 91 (100).
[  ] -8 - (2 -A c e to x y e th y l) -7 -b e n z y lo x y -5 -m e th o x y -2 -m e th y l-
4 -ch ro m a n o n e  (30)
[2 ' - 2H1] - 7 -B e n z y !o x y -5 -m e th o x y -2 -m e th y i -8 - (2 - (4 -m  ethyl phenyl) 
su lphony loxye thy l) -4 -ch rom anone  (29) (10m g„ 0.020mmoles) was stirred in 
glacial acetic acid at ambient tem pera tu re  w ith  the exclusion o f m o is tu re  fo r  15 
hours. D iff icu lty  was encountered in m on ito r ing  the reaction by analytical th in  
layer chrom atography, as the  presence of acetic acid caused streaking on the 
silica plate; however it was clear tha t some start ing  material remained. The 
reactants were stirred at 60°C fo r 20 hours.
The product was reduced in  vacuo  and taken up in ch lo ro fo rm  (15ml.), This 
was washed w ith  w a te r (3x20ml.), dried (magnesium sulphate) and reduced in  
vacuo  to  yield a pale red gum. Preparative thin layer ch rom a tog raphy  
(ch loroform) yielded starting material (3mg.) and the antic ipated product,
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[  V ,2 '-2H} ]-8 -(2 -a c e to x y e th y l) -7 -b e n z y lo x y -5 -m e th o x y -2 -m e th y h 4 -c h ro m a n o n e  
(30) (4mg., 50%, 75% corrected), as a clear gum, w ith  identica l analytical th in 
layer ch rom atography  propert ies to the unlabelled material.
-  2H N.M.R. (55 MHz., CHCI3): 2.98, 4.18 ppm.
[ 2 '-  H ^ ]-7 -h y d ro x y -8 -(2 -h y d ro x y e th y l) -5 -m e th o x y -4 -c h ro /n a n o n e  (31)
A stirred, degassed so lu tion  o f [ 2 ' - 2H - | ] -7 -b e n zy lo xy -8 - (2 -h yd ro x ye th y l) -
5 -m e th o x y -2 -m e th y l -4 -c h ro m a n o n e  (27) (38mg., 0.11 m m oles) in dry ethyl 
acetate conta in ing a suspension o f pa llad ium -charcoa! (10:90w/v, 20mg.), was 
hydrogenated at am bient tem perature. The reaction was m on ito red  by analytical 
th in  layer ch rom atog raphy  (ch lo ro fo rm -m e th a n o l (96:4)). As s tart ing  material 
(Rf0.5) d im in ished in intensity, a spot correspond ing  to  the antic ipated p roduct 
(Rf 0.35) appeared.
A fte r 3.5 hours the p roduct was degassed and fi l te red th rough  celite and 
reduced in  vacuo  to  give a clear gum (36mg.) w h ich  was purif ied by 
preparative th in  layer ch rom atography  (c h lo ro fo rm -m e than o i (96:4)) to  yield a 
w h ite  solid, [ 2 ' 2Ĥ  ]-7 -h y d ro x y -8 -(2 ~ h y d ro x y e th y l) -5 -m e th o x y -2 -m e th y l-  
4 -ch rom anon e  (31) (26mg., 93%).
-  ^  N.M.R. (60 MHz., (CD3)2CO): 1.4 (3H, d, J=6Hz„ CH-CH3), 2.5 
(2H, d, J=7Hz„ 3-H), 2.8 (2H, d, J=6Hz„ ArCH2CHD-), 3.6 
(partia lly obscured, ArCH2CHD-), 3.75 (3H, s, -O C H 3), 6.2 (1H, 
s, ArH) ppm.
-  2H N.M.R. (55 MHz., (CH3)2CO, 2348 scans): 3.72 ppm.
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Five 250ml. Erlenmeyer flasks, each conta in ing 75ml. o f m edium  were 
inoculated w ith  a mycelia l suspension o f Phom a p ig m a n iiv o ra  (QM502) as 
described previously, and incubated at 26°C in constan t l igh t on an orbita l 
shaker. [ 2 ' - 2H -| ] -7 -H y d ro x y -8 -  (2 -h y d ro x y e th y l) -5 -m e th o x y -4 -c h ro m a n o n e  (31) 
(20mg.) was taken up in ethanol (0.5ml.) and sterile  w a te r (5ml.), and inoculated 
into one flask, a fte r 60 hours ' g row th .
A fte r a fu r the r  48 hours It was noted tha t the mycelia had darkened to  a 
lesser extent than the con tro l flasks.
Ten days a fter in itia l inocu la tion  the flask's con ten ts  were  w orked up as 
described previously, to  give a b rown oil (207mg.), whose com ponen ts  were 
separated by preparative th in  layer ch rom atog raphy  (ch lo ro fo rm -m e th a n o l 
(90:10), then a ce to n e -ch lo ro fo rm  (20:80)) to  give a w h ite  solid (8mg.), partia lly 
deuteriated 7 -h y d ro x y -8 -(2 -h y d ro x y e th y l) -5 -m e th o x y -2 -m e th y l~ 4 -c h ro m a n o n e  
(LL-D253X) (5).
-  2H N.M.R. (55 MHz., (CH3)2CO, 76555 scans): 3.68 ppm.
Attempted in vivo Scrambling of deuterium label in LL-D253a
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C ro to n ic  anhydride  46
Dry Croton ic acid (40g., 0.47moies) was s tirred under reflux in acetic
anhydride (148g., 1.45moles) fo r  42 hours; precautions were taken to  exclude
moisture. M ost acetic anhydride was rem oved by d is t i l la t ion. The residue was 
taken up in dry ether and shaken w ith  anhydrous sod ium  carbonate. The 
so lution was f i l te red  and reduced in  vacuo . The residue was d is ti l led in  vacuo  
using a Vigreux co lumn; a clear l iquid w ith  a boil ing range of 128-157°C 
(54mm.Hg) was collected, as a lm ost pure (by n.m.r.) c ro ton ic  anhydride (20.1g„ 
56 %) (lit.45b.p. 128-130°C / 19mm.Hg).
-  1H N.M.R. (60 MHz., CDCI3): 1.38 (3H, dd, J=7, 1.5Hz„ CHCH3),
5.87 (1H, dq, J = 16, 1.5Hz„ COCH), 7.11 (1H, dq, J=16, 7Hz„
CHCH3) ppm.
5 ,7 -D ih y d ro x y -2 -m e ih y !-4 -c h ro m a n o n e  (37)
A: Using Crotonic anhydride/ Aluminium Trichloride23
Anhydrous alum in ium  tr ich lo r ide  (2.18g, 17.3mmoles) and n itrobenzene (125 
ml.) were added to ph lo rog luc ino l (30) (508mg., 4.03mmoles). A fte r  tw o  hours ' 
s tirr ing cro ton ic  anhydride (620mg., 4.03mmoles) was added to  the green 
solution over th ir ty  minutes. The so lu tion  was stirred at 40°C fo r  16 hours. The 
product was allowed to  cool, then poured onto a m ixture o f ice and 4N 
hydroch lor ic  acid (50ml. of each). The tw o  layers were separated, and the 
organic layer fu r ther washed w ith  hydroch lor ic  acid. The n itrobenzene was 
removed by steam distil lation.
An alternative isolation procedure, avoiding the need fo r  a leng thy  steam
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disti l la tion, was attempted. The n itrobenzene was extracted w ith  2N sodium 
hydroxide, w h ich  was back-extracted into ether. The dark b rown alkaline 
so lu t ion  was acidified (2N hydroch lo r ic  acid). The result ing ye l low  so lu tion  was 
extracted three t im es in to  ethyl acetate. This was combined, dried and reduced 
in  vacuo  to  yield a brown solid. Yields fo r  both iso la tion procedures were 
comparib le; the  la tte r required large quantit ies o f solvent, and on some 
occasions it was very d i f f icu lt  to  discern the interface between the organ ic  and 
aqueous phases.
The p roduct was purified by preparative thin layer ch rom atography  
(ace tone -ch lo ro fo rm  (20:80)), or co lum n ch rom atography  (ace tone -e the r  (2:98)), 
to  give a w hite  solid. (0.88g., 26%). Recrystall isation from  aqueous ethanol gave 
w h ite  needles, 5 ,7 -d ih y d ro x y -2 -m e th y l-4 -c h ro m a n o n e  (37), m.p. 176-178°C, 
( l i t .23 176-177°C,lit.4 177-178°C).
-  1H N.M.R. (60 MHz., (CD3)2CO) 0.95 (3H, d, J=6.5Hz„ CHCH3),
2.03-2.25 (2H, AB of ABX, COCH2), 4.05 (1H, dq, J=6.5Hz„
CHCH3), 5.38 (2H, s, ArH), 11.62 (1H, br s, exch., ArOH) ppm.
B: Crotonic acid / Boron Trifluoride Etherate 24
Dry ph lo rog luc ino l (2.662g., 21.13mmoles) and dry c ro ton ic  acid 
(1.909g.,22.20mmoles) were placed in a th ree-necked flask and dry n itrobenzene 
(100ml.) was added. This was stirred fo r one hour then cooled to  0°C. To the 
ye l low  suspension was added boron tr if luor ide  etherate ( 1 2 ml.) over tw en ty  
minutes. The result ing brown so lution was heated at 110°C fo r 2.5 hours by 
w hich t im e a green so lution had formed. This was poured into saturated 
sodium  acetate so lu t ion  (200ml.).
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Sodium hydroxide so lu t ion  (2N; 1000ml.) was added, and th is  was extracted 
in to  ether (four 500ml. portions). The alkaline so lu t ion  was acid if ied (2N 
hydroch lo r ic  acid) and extracted three t im es  into ethyl acetate. The com bined 
organic extracts were dried and reduced in  vacuo  to  give a b row n gum. This 
was purified as described above to  give a w h ite  solid (1.31 g, 32%) w ith  the 
same n.m.r. and th in  layer ch rom a tog raphy  charac te r is t ics  as the materia l 
obta ined in part A above.
C: C ro ton ic  A c id /  M ethanesu lphon ic  A c id /  Phosphourus Pentoxide 25
M ethanesu lphon ic  acid (80ml.) and phosphourus pentoxide (4.0g.) were 
heated to  70°C under a f lo w  o f  dry n itrogen. Anhydrous ph lo rog luc ino l (6.18g., 
49.0mmoles) and dry c ro ton ic  acid (4.225g„ 49.1mmoles) were mixed and 
added. A fte r 45 m inu tes ' heating at 70°C th is was a llowed to cool, and the red 
so lu tion  was poured on to  ic e -w a te r  (600ml.), w hereby  an orange precip ita te  
appeared. This was extracted into ether (three 250ml. port ions) w h ich  was 
washed w ith  w a te r  (two 150ml. port ions) and brine (150ml.). The ethereal 
so lu t ion  was dried and reduced in  vacuo  to  yield a red oil (8.575g.).
This was purified by flash ch rom a tog rap hy46, using as eluant 40 -60  light 
petrol w ith  an increasing p roport ion  o f ether. W hite  crysta ls were obtained, of 
materia l w ith  the same n.m.r. and th in  layer ch rom atography  character is t ics  as 
tha t described in A and B above, 5 ,7 -d ih y d ro x y -2 -m e th y l-4 -c h ro m a n o n e  (37) 
(5.76g„ 60%).
-  I.R. (v™ ][) :  1630 (m), 1605 (s), 1304 (s), 1166 (s) c m " 1.
-  1H N.M.R. (80 MHz., CDCI3): 1.46 (3H, d, J=6.2Hz„ CHCH3),
2.63-2.71 (2H, AB o f ABX, COCH2), 4.53-4.64 (1H, dq, J=6.2 Hz.,
CHCH3), 5.92 (2H, s, ArH), 12.19 (1H, br s, exch., ArOH) ppm.
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D: T h e rm a l  Reaction"'10
Dry Phlorogluc ino l (136mg., 1.08mmoles) and dry  c ro ton ic  acid (95mg., 
I . IO m m oles) were s low ly  heated to  220°C under a f low  o f dry n itrogen gas fo r 
3 hours. The p roduc t was a llowed to  cool. Ana ly t ica l th in  layer ch rom atog raphy  
(ace tone -ch lo ro fo rm  (5:95)) indicated tha t on ly starting materia ls were present.
E: Crotononitrile/benzyltrim ethyiam m onium  hydroxide27
Phlorog luc ino l (500mg., 3.08rnmoles) and c ro tonon it r i le  were (492mg., 
7.3mmoles) were s tirred in the presence o f benzy ltr im e thy lam m on ium  
hydroxide (T r i to n -B "  catalyst) (40% aqueous so lu tion) fo r  20 hours. The 
so lu tion  was acidified (dilute hydroch lo r ic  acid) and extracted into ether wh ich  
was dried and reduced in  vacuo  to  give an o f f -w h i te  solid, ph lo rog luc ino l (by 
n.m.r.). Increasing the reaction t im e or tem pera tu re  had no effect on the result.
6 -  A n d  8 -a c e ty l-5 ,7 -d ih y d ro x y -2 -m e th y l-4 -c h ro m a n o n e  (32)
5 ,7 -d ih y d ro x y -2 -m e th y l-4 -c h ro m a n o n e  (37) (100mg., 0.53mmoles) was
stirred w ith  acetic anhydride (5mi.) w ith  the exclusion o f moisture, and boron 
tr ib rom ide  (5ml.) was cau t ious ly  added dropwise. This was stirred at 60°C; its 
progress m on ito red  by analytical th in  layer ch rom atography  
(acetone-ch loroform(3:97)). A fte r  6 hours the p roduct was allowed to  cool, then 
w a te r (20ml.) was added, and th is was extracted into ethyl acetate (two 50ml. 
portions). The latter was dried and reduced in  vacuo  to  give a ye l low  solid 
(85mg.). Its com ponen ts  were  separated by preparative th in layer 
ch rom atography (ch lo ro fo rm ) to  give tw o  com pounds w ith  s im ilar Rf values, 
(0.7, 20mg.) and (0.65, 14mg.).
Higher Rf
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-  M.p.: 151-155°C.
-  Found: C, 59.9; H, 6.11%. C 12H120 5 requires C, 61.0; H, 5.12%.
-  1H N.M.R. (80 MHz., CDCI3): 1.60 (3H, d, J=8.3Hz„ CHCH3), 2.63 
(3H, s, COCH3), 2.70 (2H, AB o f ABX, COCH2) 4.70 (1H, m,
CHCH3), 5.99 (1H, s, ArH), 12.66 (1H, s, exch., ArOH), 14.30 (1H, 
s, exch., ArOH) ppm.
Lower Rf
-  M.p. 117-120°C.
-  Found: C, 61.0; H, 6.03; N, 0.34%. C12H 120 5 requires C, 61.5; H,
5.12%.
-  1H N.M.R. (80 MHz., CDCI3): 1.51 (3H, d, J=6.3Hz„ CHCH3), 2.70 
(3H, s, COCH3), 2.69 (2H, AB o f ABX, COCH2), 4.58 (1H, m,
1-CH), 5.94 (1H, s, ArH), 14.23 (1H, s, exch., ArOH), 14.48 (1H, s, 
exch., ArOH) ppm.
7 -A ce to xy~ 5  h y d ro x y -2 -m e th y l-4  ch rom anone  (41)
5 ,7 -d ih y d ro x y -2 -m e th y l-4 -c h ro m a n o n e  (37) (495mg., 2.55mmoles) was
stirred w ith  acetic anhydride (283mg., 2.77mmoles) and pyrid ine (5ml.) at 
am bient tem pera tu re  fo r  6 hours. The product was poured on crushed ice, then 
extracted into ch lo ro fo rm  (two 100ml. portions). This was washed w ith  dilu te 
hydroch lo r ic  acid ( two 100ml. portions), dried and reduced in  vacuo  to  give a 
brown solid (429mg.). This was purified by preparative th in layer
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chrom atog raphy  (ace tone -ch lo ro fo rm  (3:97)) to  give w h ite  crysta ls  (Rf0.7) of 
7 -a c e to x y -5 -h y d ro x y -2 -m e th y l-4 -c h ro m a n o n e  (41) (430mg., 71%). This was 
recrysta ll ised from  ether to  give w h ite  needles, m.p. 11CS-112°C.
-  Found: C, 60.9; H, 5.22%. C12Hl 20 4 requires C, 61.0; H, 5.22%.
-  U.V. (Xmax (loge)): 340 (3.24) 275 (3.83)nm.
-  I.R. ( v ™ " ) :  1754 (m), 1738 (m), 1653 (s), 1636 (s), 1583 (s),
1290 (m), 1218 (m), 1125 (s) c m " 1.
-  1H N.M.R. (80 MHz., CDCI3): 1.43 (3H, d, J=7.3Hz„ CHCH3), 2.20 
(3H, s, COCH3), 2.57-2.68 (2H, AB of ABX, COCH2), 4.50 (1H, dq,
J=7.3, 1.9Hz„ CHCH3), 6.15 (1H, d, J=2.1Hz„ ArH), 6.18 (1H, d,
J=2.1 Hz., ArH), 11.78 (1H, s, exch., ArOH) ppm.
-  M.S. (m/z(%)) 236 (m +, 44), 194 (91), 179 (21), 153 (24), 152 
( 1 0 0 ).
Attempted Fries Rearrangement of 7 -A cetoxy-5 -hydroxy -
2-m ethy!-4 -chrom anone
Boron tr i f luo r ide  etherate (2ml.) was added dropw ise  to
7 -a c e to x y -5 -h y d ro x y -2 -m e th y l -4 -c h ro m a n o n e  (41) (53mg., 0.22mmoles). This 
was stirred at 60°C fo r  40 m inutes w ith  the exclusion of moisture. The p roduct 
was poured on ice, then extracted in to  m ethylene ch lor ide  (two 100ml. 
portions). The result ing so lu t ion  was dried and reduced in  vacuo  to  give a 
ye l low  solid w h ich  was readily soluble in ch loro form , analytical th in  layer 
chrom atography (ace tone -ch lo ro fo rm  (5:95)) indicated a com plex  m ixture of 
products, and tha t ne ither s tarting material nor the antic ipated p roduc t were 
present. This was con firm ed by the 1H n.m.r. spectrum of the crude mixture,
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w hich  also suggested tha t 5 ,7 -d ih y d ro x y -2 -m e th y l -4 -c h ro m a n o n e  was present.
A ttem p ted  Photo-F r ies  Rearrangement o f  7 -a c e to x y -5 -h y d ro x y -2 -m e th y l -
4 -c h ro m a n o n e 28
The t i t le  com pound  (41) (46m g„ 0.19mmoles) was d issolved in ethyl acetate 
( 100ml.) in a quartz im m ers ion  well, and dry n itrogen was bubbled th rough  the 
so lu tion. This was irradiated, w ith  w a te r coo ling , using standard pho tochem ica l 
apparatus (125W.) fo r  nine hours. Removal o f so lvent in  vacuo  gave pale 
brown crystals, of s tart ing  material, 7 -a c e to x y -5 -h y d ro x y -2 -m e th y l -  
4 -ch rom anone , by analytical th in  layer ch rom atog raphy  (ace tone -ch lo ro fo rm  
(3:97); Rf= 0.6).
A ttem p ted  Photo-F r ies  Rearrangement o f  7 -a c e to x y -5 -h y d ro x y -2 -m e tb y l -
4 -c h ro m a n o n e  in the  presence o f  Potassium Carbonate
The t it le  com pound  (48mg., 0.20mmoles) was irradiated in ethyl acetate as 
described above; in addit ion potassium  carbonate ( 120 mg.) was present, and 
the result ing suspension was stirred magnetically. A fte r ten hours th is was 
fi l te red and reduced in  vacuo  to give a clear gum (130mg.), m ain ly starting 
material by th in  layer ch rom atography  and n.m.r.
2 ,4 ,6 -T rihyd roxyace tophenone  (38) 31
Phlorogluc ino l d ihydrate was dried in a vacuum  oven fo r  fourteen hours at 
120°C to  remove w a te r  o f crysta ll isation. Fresh zinc ch loride was dried in a 
vacuum dessicator. A ce ton itr i le  was dried over phosphorus pentoxide as 
described in reference . All g lassware was dried overn igh t at 120°C prio r to 
use.
Phlorogluc ino l (30.1g„ 240mmoles), zinc ch loride (6.05g., 45m m oles) and 
aceton itr i le  (25m l„ 19.6g., 480mmoles) in sod ium -d r ied  ether(400ml.) were
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cooled to  0°C, w ith  stirr ing, in a th ree -necked  flask. Precautions were  taken to  
exclude moisture. Dry hydrogen ch lor ide  gas was bubbled v igou rous ly  th rough  
the solution. Excess hydrogen ch lor ide  was vented f rom  the reaction f lask 
th rough a beaker of water. The co lou r of the so lu t ion  tu rned ye l low  w ith in  
th ir ty  m inutes. A pale ye l low  precip ita te  fo rm ed on the inside o f the gas 
delivery tube and frequen tly  had to  be removed. Once the so lu t ion  was 
saturated w ith  hydrogen ch loride, usually w ith in  tw o  hours, the  f lask was 
sealed and refr idgera ted overn ight. More pale ye l low  prec ip ita te  form ed. Dry 
hydrogen ch lor ide  was again bubbled th rough  the so lu t ion  until saturated, and 
then sealed and refr idgerated fo r  three days.
The ether was decanted o f f  the  precip itate, w h ich  was fu r the r  washed w ith  
fresh ether. It was then d issolved in w a te r (1000ml.) and refluxed fo r  tw o  hours. 
The ye l low  so lu tion  was allowed to  cool fo r  five m inutes, and deco lou ris ing  
charcoal (2g.) was added. The so lu tion  was heated until boil ing, then fi l te red 
immediate ly. A precip ita te  fo rm ed  from  the fi ltrate, w h ich  was a llowed to  cool 
overnight. The result ing th ick  pale ye l low  s lurry was f i l te red and recrysta ll ised 
from  w ate r to  give w h ite  needles o f 2 ,4 ,6 -trih yd roxya ce tophenone  (38) (34.0g., 
85%), m.p. 215-220°C ( l i t .31 218-219°C).
-  1H N.M.R.: (60 MHz., (CD3)2CO) 1.92 (3H, s, COCH3), 5.30 (2H, s,
ArH), 8.70 (1H, br s, exch., ArH) 10.97 (2H, br s, exch., ArH).
2 -H yd roxy-4 ,6~ d im e thoxyace tophe none  (42)
A: Using lodomethane
All g lassware was oven-d r ied  prior to  use. Dry
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2,4 ,6 -tr ihydroxyacetophenone (38) (4.295g., 25.6mmoles), anhydrous potass ium  
carbonate (17.65g., 128 mmoles) and dry acetone (200ml.) were  stirred 
mechanica lly  in a th ree -necked  flask, w ith  the exclusion o f m ois ture . The 
acetone was heated under reflux, and iodom ethane (8.25ml., 18.8g.( 125mmoles) 
was added dropw ise over th i r ty  minutes. The reaction was m on ito red  by 
preparative th in  layer chrom atography  (chloroform). A fte r  hours, m os t o f  the 
s tarting material (Rf 0.1; purple under u ltrav io le t (354nm.) irrad ia tion) had gone, 
and tw o  low er po lar ity  spots (Rf 0.7 and 0.8; blue and purple respective ly  under
u ltrav io le t irradiation) were evident. The flask's con ten ts  were a llowed to  cool,
and were filtered, the f i l tra te  was washed w ith  acetone and the com bined 
f i l tra te  (400ml.) was reduced in  vacuo . The residue was part it ioned between 
dilute hydroch lo r ic  acid and ethyl acetate. The latter was dried and reduced in  
vacuo  to  yield a ye l low  solid.
Purification by flash ch rom atography  was attempted , using a 10mm. 
d iam eter co lumn and elution w ith  30/40 petrol conta in ing an increasing 
proport ion  of ether. Impurit ies were removed, but separation of the  tw o  main 
com ponents  was incomplete. However in some cases partial concentra t ion  of 
the eluant resulted in fo rm a t ion  of ye l low  blocky prisms, and later o f w h ite  
needles, wh ich  were separated manually. A ttem pted  fractiona l c rysta ll isa tion  
from  ether yielded ye l low  needles; f i l tra t ion  and s low  removal o f so lvent 
y ielded w hite  needles, 2 -h yd ro xy -4 ,6 -d im e th o xya ce to p h e n o n e  (42) (3.89g., 77%), 
m.p. 80-81 °C ( l i t .32 85-88°C).
-  1H N.M.R. (60 MHz., CDCI3): 2.60 (3H, s, ArCH3) ppm, 3.83 (3H,
s, ArOCH3), 3.87 (3H, s, ArOCH3), 5.98 (1H, d, J=2Hz„ ArH), 6.11
(1H, d, J=2Hz„ ArH), 14.15 (1H, s, exch., ArOH) ppm.
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The ye l low  crysta ls were recrysta ll ised f rom  e ther to  yield 
2 -h y d ro x y -4 ,6 -d im e th y l-3 -m e th y la c e to p h e n o n e  (47) (g.), m.p. 145-146°C ( l i t .32 
141-142°C).
-  1H N.M.R. (200 MHz., CDCI3): 1.98 (3H, s, ArCH3), 2.58 (3H, s,
COCH3), 3.86 (6H, s, ArOCH3), 5.91 (1H, s, ArH), 14.05 (1H, s,
exch, ArOH) ppm.
B: Using d im ethy l sulphate 33
Dry 2 ,4 ,6 -tr ihydroxyacetophenone (10.0g„ 59.5mmoles) and anhydrous
potassium carbonate (65g., 470m m oles) in dry acetone (500ml.) were  stirred 
mechanica lly  under reflux w ith  the exclusion o f moisture. D im ethyl sulphate 
(12.4ml., 16.5g., 131mmoles) was added dropw ise; heating and s t irr ing  were 
continued fo r  tw e lve  hours. The so lu t ion  had changed f rom  ye l low  to  pale 
w hite  in colour. The suspension was reduced in  vacuo  to  a w h ite  solid, and 
partit ioned between ether and water. The organic layer was extracted into 2N 
sodium hydroxide, whereby a ye l low  co lou r formed. This was cau t ious ly
poured onto 6N hydroch lor ic  acid, produc ing a wh ite  precip itate, 
2 -h yd ro xy -4 ,6 -d im e th o xya ce to p h e n o n e  (42) (8g., 69%). The ether layer was 
found to  conta in 2 ,4 ,6 -tn m e th o xya ce to p h e n o n e , m.p. 100-103°C ( lit.33 104°C).
-  1H N.M.R. (60 MHz., CDCI3): 2.52 (3H, s, ArCH3), 3.79 (6H, s,
OCH3), 3.83 (3H, s, OCH3), 6.02 (2H, s, ArH) ppm.
C ro to n y l C h lo ride  47
Crotonic acid (40.5g.,0.39 moles) was dried, then stirred under reflux w ith  
sod ium -dr ied  ligh t petrol. Thionyl ch loride (50ml.,81.5g.,0.69moles) was added
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over 10 minutes, then the reactants were refluxed fo r  fou r  hours. Precautions 
were  taken to  exclude moisture. The product was allowed to  cool, then vo lat i le  
com ponen ts  were rem oved in  vacuo  . The p roduc t was purif ied by d is t i l la t ion  
th rough  a Vigreux co lumn; material w ith  a boil ing range of 119-123°C ( l i t .47 
124-126°C) was retained, c ro to n y ! ch lo ride  (36.3g., 67.4%). This was
refr idgera ted until used.
-  1H N.M.R. (60 MHz., CDCI3): 1.94 (3H, dd, J=7Hz„ J=1.8Hz,
CHCH3), 5.97 (1 h, dq, J=15Hz„ J=1.8Hz„ COCH), 7.15 (1H, dq,
J=15Hz„ J=7Hz„ CHCH3).
2 -c ro to n o x y -4 ,8 -d im s th o x y a c e to p h e n o n e  (43)
2-H yd roxy -4 ,6 -d im e th oxyace topheno ne  (167mg., 0.85mmoles) was refluxed 
fo r  45 hours w ith  cro tony l ch loride (1ml., 1.09g., 10.4mmoles) and a (1 inch) 
strip o f magnesium  ribbon in dry to luene (50ml.). The so lu tion  was a llowed to 
cool, and, a fter removal of the magnesium, reduced in  vacuo . The result ing 
black gum was part it ioned between dilute potassium carbonate so lu t ion  and 
ether (two 50ml. portions). The la tte r were dried and reduced in  vacuo  to  give 
a brown gum  (166mg.). This was purified by preparative th in  layer 
ch rom atography  (ether) to  give a white  solid, 2 -c ro to n o x y -
4 ,6 -d im e thoxyace tophenone  (43) (3.08g., 55%). Recrystall isation from  ethanol 
gave clear blocky prisms (m.p. 100-102°C).
-  Found: C, 63.6; H, 6.14%. C 14H160 5 requires C, 63.6; H, 6.10%.
-  U.V. ( \ max (loge)): 286 (sh„ 3.60), 260 (3.88), 238 (3.91) nm.
-  I.R. (V ™ ") :  1730 (s), 1682 (s), 1611 (s), 1343 (s), 1303 (m),
1252 (s), 1226 (s), 1201 (m), 1154 (s), 1096 (s), 1079 (s), 971
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(s), 894 (m), 845 (m), 721 (m) cm 1.
-  1H N.M.R. (200 MHz., CDCI3): 1.92 (3H, dd, J=6.9,J=1.7Hz„
-CHCH3), 2.43 (3H, s, ArCH3), 3.77 (3H, s, ArOCH3), 3.81 (3H, s,
ArOCH3), 5.97 (1H, dq, COCHCHCH3), 6.23 (1H, d, J=2.3Hz, ArH),
6.34 (1H, d, J=2.3Hz„ ArH), 7.12 (1H, dq, J = 15.5, 6.93Hz„
-CHCH3) ppm.
-  M.S. (m/z(%)) 262 (M+, 50), 247 (100), 219 (33), 205 (19), 121 
(12), 69 (12).
A ttem p ted  Reduction o f  2 -C ro to n o xy -4 ,6 -d im s th o xy a ce to p h e n o n e
Sodium borohydride (325mg., 8.68mmoles) was stirred in dry  ethanol fo r  
one hour. 2 - c ro to n o x y - 4,6-d im e th o xya c 9tophenone (500mg., 1.89mmoles) was 
dissolved in dry te trahydro fu ran  (10ml.) and sodium borohydride  so lu t ion  (4ml.) 
added. The reaction was m on ito red  by analytical th in  layer ch rom atog raphy  
(chloroform). A f te r  s t ir r ing  at ambient tem pera tu re  fo r  f i f teen m inutes, a 
product started to appear (Rf 0.3), of lower po la r ity  than the start ing  materia l 
(Rf 0.5). A f te r  nineteen hours, the so lu t ion  was acidif ied and the result ing 
precip itate was taken up in ethyl acetate (25ml.). This was washed w ith  w a te r 
(25ml.), dried and reduced in  vacuo  to  give a brown gum, w h ich  partly  
solid if ied on standing. Its com ponen ts  were separated by preparative th in  layer 
ch rom atography to  give main ly l- (2 -H y d ro x y -4 ,6 -d im e th o x y p h e n y l)-e th a n o l
(48) and 2 -E th y l-3 ,5 -d im e th o x y p h e n o l (49) (by analytical th in  layer 
chrom atography and n.m.r.).
1 - (2 -H yd roxy -4 ,6 -d im e th oxypheny l) -e thano l (48)
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-  1H N.M.R. (220 MHz., CDCI3): 1.45 (3H, d, J=6.5Hz., CH(OH)CH3),
3.10 (1H, brs, exch., CH(OH)CH3), 3.72 (3H, s, ArOCH3), 3.73 (3H, 
s, ArOCH3), 5.41 (1H, q, J=6.5Hz„ CH(OH)CH3), 5.97 (1H, d,
J=2.3Hz„ ArH), 6.04 (1H, d, J=2.3Hz„ ArH), 8.80 (1H, brs, exch.,
ArOH) ppm.
2 -E thy l-3 ,5 -d im e th o xyp h e n o l (49)
-  1H N.M.R. (80 MHz., CDCI3): 1.08 (3H, t, J=7.5Hz„ CH2CH3), 2.58 
(2H, q, J=7.6Hz„ CH2CH3), 3.71 (3H, s, OCH3), 3.76 (3H, s,
OCH3), 4.54 (1H, br s, exch., ArOH), 6.03 (1H, d, J=2.5Hz„ ArH),
6.08 (1H, d, J=2Hz., ArH) ppm.
The t i t le  com pound (505mg.,2.02mmoles) in dry ethanol (20ml.) was added 
to  a suspension o f sod ium  borohydride  adsorbed on silica ( 10%, 
762mg.,2mmoles) in dry te trahydro fu ran  (10ml.). This was s tirred at ambient 
tem pera tu re  under argon. Progress was m on ito red  by analytical th in layer 
chrom atography; after 43 hours m ain ly  s tarting materia l (rf 0.45) was present, 
plus a small am ount of of p roduc t (rf 0.6). The suspension was s tirred under 
reflux fo r  3 hours, causing the p roport ion  o f th is p roduct to  increase. A fte r  
cooling , the suspenion was fi ltered, and the f i l t ra te  reduced in  vacuo  to  give a 
ye l low  oil; a port ion of th is  was purified by preparative th in  layer 
ch rom atography to  give a m ixture o f s tart ing  materia l (43) and 
2 -h yd ro xy -4 ,6 -d im e th o xya ce to p h e n o n e  (42), by analytical th in  layer 
chrom atography  and n.m.r.
The t it le  com pound (199mg., 0.796mmoles) was stirred w ith  sodium  
cyanoborohydride (48mg., 0.77mmoles) in dry methanol (5ml.). This was stirred
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at ambient tem pera tu re  fo r  17 hours. The p roduc t was reduced in  vacuo  and 
part it ioned between brine and ether. The ethereal so lu t ion  was washed w ith  
sodium hydrogen carbonate so lu t ion  (5%), dried and reduced in  vacuo to  g ive a 
w h ite  solid. Its com ponen ts  were separated by preparative th in  layer 
chrom atography  to  give, by analytical th in layer ch rom atog raphy  and n.m.r., the 
same tw o  com pounds as m entioned above.
A ttem p ted  reduction  o f  2 -hyd roxy -4 ,6 -d im e thoxyace tophen one
The t it le  com pound (505mg., 2.58mmoles) was reacted w ith  sodium  
borohydride (155 mg., 4.10mmoles) in dry ethanol (6ml.) as described fo r  its 
c ro tonate  ester above. The main products were a m ixture o f the hyd roxye thy l-  
and ethyl phenols described above.
The tit le  com pound (505mg., 2.58mmoles) was also reacted w ith  sodium 
borohydride adsorbed on silica (8%; 980mg, 2.5mmoles borohydride) in dry 
ethanol as described above. Again starting material plus the  same m ix ture  of 
reduction products were obtained.
A ttem p ted  hydrogenation  o f  2 -h yd ro xy -4 ,6 -d im e th o xya ce to p h e n o n e
The tit le  com pound (2.24g., 11.4mmoles) was stirred fo r  18 hours w ith  
palladium on charcoal (10%; 155mg.) in ethanol. The so lu tion  was f i l te red  and 
reduced in  vacuo  to  give a w h ite  solid, s tart ing  material (by analytical th in 
layer chrom atography and n.m.r.).
The same procedure was repeated using glacial acetic acid as solvent, w ith  
the same result. The so lu tion  was repeatedly reduced in  vacuo  and carbon 
te trach lor ide  added to  remove acetic acid as its azeotrope. The result ing w h ite  
solid appeared to  be starting material by analytical th in layer ch rom atog raphy  
and n.m.r..
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Attem pted Sodium/Ethanol Reduction of 2 -H ydroxy-
4 ,6 -d im e tboxyace tophenone
The t i t le  com pound (500mg., 2.55mmoles) was dissolved in dry ethanol and 
sodium  (57.5mg., 2.5mmoles) was added. The so lu tion  was stirred under reflux 
to three hours, then reduced in  vacuo . The residue was part it ioned between 
dilu te hydroch lo r ic  acid and ethyl acetate. The latter was dried and reduced in  
vacuo  to  give a w h ite  solid, s tart ing materia l by analytical th in  layer 
ch rom a tog raphy  and n.m.r..
2 -E th y l-3 r5~d im e tho xypheno l (49) 38
Zinc (4.45g.) and m ercur ic  ch loride (220mg.) were  shaken w ith  dilu te 
hydroch lo r ic  acid (25ml.) fo r  5 minutes. The aqueous so lu t ion  was then 
decanted off, and replaced w ith  a m ixture o f w a te r and concentra ted 
hydroch lo r ic  acid (150ml. of each). 2 -hyd roxy -4 ,6 -d !m e thoxyace tophen one  (5g., 
25.5mmoles) was added, and the suspension s tirred under reflux fo r  fou r  hours. 
In it ia lly  not all the substrate dissolved, but as it was used up during the course 
of the reaction, a brown oil fo rm ed above the aqueous layer.
A fte r  cooling, the supernatant l iquids were decanted o f f  any remaining 
z inc /m ercu ry  residues. The fo rm e r were saturated w ith  sodium ch lor ide and 
extracted three t im es in to  ether (200ml. tota l) wh ich  was dried and reduced in  
vacuo  to  give a ye l low  oil, a lm ost pure (by n.m.r.) 2 -e th y l-3 ,5 ~ d im e th o xyp h e n o l
(49). This was purified by d is t i l la t ion in  vacuo  to  give a clear oil, b.p. 
1 1 1 -1 13°C, 2mm.Hg (lit. 164°C, 20mm.Hg).
-  I.R. ( v ^ ) :  3420 (s), 1509 (m), 1248 (m), 1218 (m), 1202 (m), 
1151 (s), 1119 (s), 1053 (m), 978 (m), 808 (m) c m '1.
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-  ’ H N.M.R. (60 MHz., CDCI3): 1.05 (3H, t, J=7Hz„ CH2CH3), 2.52 
(2H, q, J=7Hz„ CH2CH3), 3.65 (3H, s, OCH3), 3.72 (3H, s, OCH3),
5.36 (1H, br s, exch., ArOH), 5.97 (1H, d, J=2Hz„ ArH), 6.07 (1H, 
d, J=2Hz„ ArH).
(4 -E th y l-3 ,5 -d im e th o xyp h e n y l)  c ro to n a te  (55)
2 -E th y l-3 ,5 -d im e th oxypheno l (49) (2.0g., 11.0mmoles) and c ro tony l ch lor ide  
(2 .0ml., mg., mm oles) were s tirred under reflux w ith  a (1 inch) str ip  of
m agnesium ribbon in dry to luene (50ml.), w ith  the  exclusion o f m oisture. A fte r
48 hours, the magnesium was removed, and the organic co lu t ion  was washed 
w ith  water, then (2%) sodium hydroxide so lution. A fte r  drying th is was reduced 
in  vacuo  to give a b rown oil, pure (by n.m.r.) (4 -e th y l-3 ,5 -d im e th o x y p h e n y l)  
cro tona te ) (55) (2.19mg., 80%). This was fu r the r  purified by analytical th in  layer 
chrom atography (ethyl ace ta te -pe tro l  (30:70)), to  give a clear oil w h ich  s low ly  
darkened on standing.
-  Found: C, 65.6; H, 7.20. C 14Hl 80 4 requires C, 67.2; H, 7.25%.
-  U.V. (Amax (loge)): 278 (3.39), 239 (3.61) nm.
-  I.R. (vifaax.): 2975 (m )' 2947 (m)' 2883 (m)' 2846 (m)' 1740 (s )'
1656 (m), 1611 (s), 1590 (s), 1496 (m), 1455 (m), 1440 (m),
1425 (m), 1308 (m), 1292 (m), 1240 (s), 1219 (s), 1200 (s), 1151
(s), 1109 (s), 1050 (s), 993 (m), 968 (m), 830 (m), c m '1.
-  1H N.M.R. (60 MHz., CDCI3): 0.93 (3H, t, J=7.5Hz„ CH2CH3), 1.87 
(3H, dd, J=7, 1.5Hz., CHCH3), 2.51 (2H, q, J=7.5Hz„ CH2CH3),
3.68 (3H, s, OCH3), 3.72 (3H, s, OCH3), 6.02 (1H, dq, J=16,
1.5Hz„ COCH), 6.24 (1H, d, J=2Hz„ ArH), 6.34 (1H, d, J=2Hz„
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ArH), 7.18 (1H, dq, J=16, 7Hz„ CHCH3).
1 - (3 -E th y I-2 -h y d ro x y -4 ,6 -d im e th o xyp h e n y l) b u t - 2 - e n - l -o n e  (56)
A: Fries rearrangem ent o f  {4 -E thy l-3 ,5 -d im e thoxypheny !)  c ro tona te  41
The t i t le  com pound  (263mg., 1.05mmoles) and anhydrous a lum in ium  
tr ich lo r ide  (84mg., 1.38mmoles) were stirred at 150°C fo r  tw o  hours w ith  the 
exclusion o f moisture. The resu lt ing  red gum was a llowed to  cool, and ice was 
added. The p roduc t was extracted into ethyl acetate, w h ich  was dried and 
reduced in  vacuo  to  give a red oil. This conta ined (by analytical th in  layer 
ch rom atography  (c h io ro fo rm -m e th a n o l (98:2)) s tart ing  materia l and a p roduct 
w ith  the same propert ies  as tha t obta ined from  the "M agnes ium -d irec ted  
Friedel-Crafts  reac tion" described in the fo l lo w in g  paragraph,
l- (3 -E th y l-2 -h y d ro x y -4 ,6 -d im e th o x y p h e n y l)  b u t - 2 - e n - l -o n e  (56)(97mg., 37%).
B: "M agnes ium -d irec te d  F riede l-C ra fts  reaction" 42
Magnesium was dess ica to r-d r ied  overn ight, B rom oethane was dried over 
magnesium sulphate, f i l te red and d isti l led from  phosphourus pentoxide in the 
absence of moisture. All g lassware was dried overn igh t at 120°C. Precautions 
were taken to  exclude moisture.
Magnesium (133mg., 5.47mmoles) was stirred in dry ether (15ml.) and 
bromoethane (0.38ml.,0.55g., 5.1mmoles) was added over five minutes.
2 -e th y l-3 ,5 -d im e th o xyp h e n o l (913mg.,5.93mmoles) in dry ether (15ml.) was 
added over ten m inutes, then the ether was reduced in  vacuo  at ambient 
tem perature  to  give a pale ye l low  solid. Toluene (30ml.), fresh ly  d is ti l led from  
sodium was added. To the ye l low  s lurry was added cro tony l ch loride 
(0.485ml.,0.53g., 5.06mmoles) in dry to luene (7ml.) over ten minutes, and the
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m ixture  was s tirred overnight.
Analyt ica l th in  layer ch rom a tog raphy  after tw e n ty  hours (a ce tone - l ig h t  
petro leum  (25:75) showed one m ajor spot, purple under u ltrav io le t irrad ia t ion 
(Rf 0.6) and others  (Rf 0.55 and 0.5) correspond ing to  start ing  materials.
The p roduc t was poured on to  am m onium  chloride so lu tion, then extracted 
in to  ether (three 50ml. portions). The ye l low  so lu tion  was reduced in  vacuo  to 
give a b rown oil. Purif ication by preparative thin layer ch rom a tog raphy  
(acetone: l igh t pe tro leum  (25:75)) yielded a ye l low  oil as the m ajor com ponen t 
(Rf 0.75), a long w ith  some o f its cyc lisa tion  p roduct (see below). The fo rm e r  
was crysta ll ised f rom  from  ether to  give ye l low  needles,
1 -(3 -E th y l-2 -h y d rc x y -4 ,6 -d im  e thoxy pheny l) b u t - 2 - e n - l -o n e  (56) (609g„ 48%), 
m.p. 98-105°C.
-  Found: C, 67.7; H, 7.29%. C12H140 4 requires C, 67.2; H,7.25%.
-  U.V. (Xmax (loge)): 315 (4.28), 242 (4.12), 224 (sh„ 3.90) nm.
-  I.R. (v™x.): 1745 (m )' 1 61 5  (s), 1590 (s), 1147 (s), 1138 (s), 966 
(m) c m -1.
-  1H IM.M.R. (80 MHz., CDCI3): 1.06 (3H, t, J=7.39Hz„ ArCH2CH3),
1.94 (3H, dd, J=3.83, 1.51Hz„ CHCH3), 2.59 (2H, q, J=7.39Hz„
CH2CH3), 3.86 (3H, s, OCH3), 3.87 (3H, s, OCH3), 5.93 (1H, s,
ArH), 7.04- 7.32 (2H, m, COCH + CHCH3), 13.94 (1H, exch., s,
ArOH) ppm.
-  M.S. (m/z(%)): 250 (M+,32), 235 (24), 182 (48), 181 (20), 167 
(56), 69 (100).
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5 ,7 -D im e th o x y -8 -e th y l-2 -m e th y l-4 -c h ro m a n o n e  (57)
1 - (3 -E th y l-2 -h yd ro x y -4 ,6 -d im e th o x yp h e n y l)  b u t -2 -e n -1  -o n e  (56) (58mg.,
0.26mmoies) was d issolved in deu te r ioch lo ro fo rm , and shaken w ith  a d ilu te  
so lu t ion  of sod ium  deuter iom e thox ide  in deuter ium  oxide. Any changes were 
m onitored by n.m.r.; l it t le  change had occured w ith in  tw o  hours and the
solution was s tirred overn igh t at am bient tem perature . Its n.m.r. spectrum
indicated the appearance o f s ignals at 1.5 and 4.4 ppm., accom panied by
d im inu it ion  o f s ignals at 1.9 and 7.0-7.3 ppm.
A fte r 94 hours the p roduct was fu r the r  extracted into ch lo ro fo rm . This was 
dried and reduced in  vacuo  to  give a l ig h t -b ro w n  solid, wh ich was purif ied by 
preparative th in  layer ch rom atog raphy  (ace tone -pe tro l (25:75)) to  give 
5 ,7 ~ d im e th o x y -8 -e th y l-2 -m e th y l-4 -c h ro m a n o n a  (57) as a pale ye l low  solid 
(46mg.,80%), m.p. 128-130°C. This was recrysta ll ised f rom  ether to  give w h ite  
needles, m.p. 130-131.
-  Found: C, 67.3; H, 7.30%. C14Hl 80 4 requires C, 67.2; H, 7.25%.
-  U.V. (Xmax (loge)): 318 (3.64), 284 (4.22), 239 (4.04) nm.
-  I.R. (V ™ ") :  1679 (s), 1598 (s), 1573 (s), 1342 (s), 1312 (m),
1269 (s), 1211 (m), 1148 (m), 1311 (s), 1082 (m), 799 (m), 720 
(m) c m -1.
-  1H N.M.R. (80 MHz., CDCI3): 1.03 (3H, t, J=7.36Hz., CH2CH3), 1.44 
(3H, d, J=6.26Hz„ CHCH3), 2.55 (CH2CH3), 2.55 (2H, q,
-COCH2-), 3.86 (3H, s, ArOCH3), 3.89 (3H, s, ArOCH3), 4.44 (1H, 
dq, J=7.0, 1.6Hz., CHCH3), 6.06 (1H, s, ArH) ppm.
-  M.S. (m/z(%))250 (M+, 96), 235 (52), 221 (33), 193 (100), 151
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2 -E th y !-3 ,5 -d ih y d ro x y p h e n o l (C -e ih y ! p h lo ro g lu c in o !) (61)
2 -h y d ro x y -4 ,6 -d ih yd ro xya ce to p h e n o n e  (38) (4.50g., 26.8mmoles) was
reduced w ith  activated zinc in hyd roch lo r ic  acid as described fo r  its d im ethy l 
e ther above, to  give a brown oil (2.55g., 61%). This was refluxed in benzene for 
16 hours, using a Dean-S tark  trap to  rem ove any w a te r  as its azeotrope, to 
give a pa le -b row n  solid, a lm ost pure by n.m.r. and analytical th in  layer 
chrom atography, 2 -e th y l-3 ,5 -d ih y d ro x y p h e n o l (C -e th y l p h lo ro g lu c in o l)  (61) 
(2.55g., 52%), m.p. 134-137°C. (lit. 165°C from  anisole).
-  1H N.M.R. (60 MHz., CDCI3): 0.55 (3H, t, J = 7Hz., CH2CH3), 2.05 
(2H, q, J=7Hz., CH2CH3), 5.47 (2H, s, ArH), 7.40 (3H, s, exch.,
ArOH) ppm.
5 ,7 -d ih y d ro x y -8 -e th y l-2 -m e th y l-4 -c h ro m a n o n e  (60)
Phosphourus pentoxide (250mg.) was heated to  90°C in m ethanesu lphon ic  
acid (5ml.) under a f lo w  of n itrogen. To th is was added a m ix ture  of
2 -e th y l-3 ,5 -d ih yd roxypheno l (C -e thy l ph lo rog luc ino l)  (61) (308mg., 2.0mmoles) 
and cro ton ic  acid (168mg., 2.0mmoles), w h ich  was stirred at 90°C fo r  one hour. 
A fte r  cooling, ice w a te r  was added, and the p roduct was extracted in to  ether 
(two 50ml. portions). The ethereal so lu t ion  was washed w ith  water, then brine, 
dried and reduced in  vacuo  to give a red oil. Its com ponen ts  were separated 
by preparative th in  layer chrom atography  (ethyl a ce ta te - l igh t  petro l (30:70)), to 
give fou r  com pounds (Rf 0.6-0.8) wh ich  were ye l low  when visualised w ith
(134), 150 (22).
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concentra ted su lphuric  acid (10%) in ethanol. Starting material (Rf. 0.5) was also 
present.
Compound A was purple under u.v. irradiation and gave ye l low  prisms from  
ether, m.p. 126-129°C.
-  Found: C, 65.6; H, 6.17%. C-|6H i80 5 requires C, 66.2; H, 6.25%.
-  U.V. ( \ max (loge)): 349 (3.82), 286 (4.53), 238 (4.17)nm.
-  I.R. (v™ |[): 1790 (s), 1644 (s), 1631 (s), 1603 (m), 1342 (s),
1297 (m), 1250 (m), 1231 (m), 1170 (m), 1137 (s), 1098 (s)
-1cm
-  1H N.M.R. (220 MHz., CDCI3): 1.10 (3H, t, J=7.4Hz„ CH2CH3), 1.17 
(3H, dd, J=7.1, 2.1Hz., ArCHCH3), 1.51 (3H, d, J=6.3Hz„ CHCH3),
2.63 (2H, q, J=7.4Hz„ CH2CH3), 2.66-2.72 (4H, m, COCH2),
3.38-3.47 (1H, m, ArCHCH3), 4.54 (1H, dq, J=6.3, 2.0Hz„ CHCH3),
12.08 (1H, d, J=5.4Hz„ exch., ArOH) ppm.
-  M.S. (m /z (%)): 290 (74), 276 (18), 275 (100), 234 (11), 233 (93),
191 (11).
Compound B appeared orange under u.v. irradiation and gave w h ite  needles 
from  ether, m.p. 149-151°C.
-  Found: C, 66.4; H, 6.33%. C 16H180 5 requires C, 66.2; H, 6.25%.
-  I.R. (v^ax.): 1770  (m), 1631 (s), 1244 (s), 1155 (s), 1130 (s),
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-  1H N.M.R. (200 MHz., CDCI3): 1.07 (3H, dt, J=7.4, 0.7Hz.,
CH2CH3), 1.19 (3H, d, J=7.1Hz„ ArCHCH3), 1.51 (3H, dd, J=6.3,
0.5Hz., CHCH3), 2.60 (2H, q, J=7.4Hz., CH2CH3), 2.60-2.72 (4H, 
m, 2x COCH2), 3.45-3.50 (1H, m, ArCHCH3), 4.52 (1H, dq, J=9.1,
6.1Hz., CHCH3), 12.13 (1H, s, exch., ArOH) ppm.
-  M.S. (m/z (%)): 290 (55), 275 (100), 247 (30), 233 (55), 205 (21),
191 (17).
Compound C appeared purple under u.v. irradiation and gave small w h ite  blocks 
from  ether, m.p. 181-183°C.
-  Found: C, 64.8; H, 6.45%. C i2H140 5 requires C, 64.8; H, 6.35.
-  I.R. (V^gx.): 1631 (s), 1580 (s), 1310 (m), 1122 (m) c m -1.
-  1H N.M.R. (80 MHz., (CD3)2CO) 1.05 (3H, t, J=7.4Hz„ CH2CH3),
1.49 (3H, d, J=6.3Hz„ CHCH3), 2.56 (2H, q, J=7.2Hz„ CH2CH3):
2.55-2.70 (2H, AB of ABX, COCH2), 3.10 (brs, exch., ArOH), 4.57 
(1H, dq, J=8.6, 6.4Hz., CHCH3), 5.99 (1H, s, ArH), 12.08 (1H, s, 
exch., ArOH) ppm.
-  M.S. (m /z (%)): 222 (M+,45), 208 (12), 207 (100), 165 (45), 123
(15).
Compound D
1097 (m) cm 1.
-  1H N.M.R. (80 Mhz., (CD3)2CO): 1.06 (3H, t, J=7.4Hz„ CH2CH3),
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1.43 (3H, d, J = 6.3Hz., CHCH3), 2.56 (2H, q, J=7.2Hz„ CH2CH3), 
2.58-2.70 (2H, AB of ABX, COCH2), 3.04 (1H, brs, exch., ArOH), 
4.54 (1H, dq, J=9.2, 6.3Hz„ CHCH3), 5.99 (1H, s, ArH), 12.42 (1H, 
s, exch., ArH) ppm.
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3.1. in troduc t ion
3.1.1. Background In form ation
The m yco tox ins  are a range o f funga l-de r ived  secondary m etabo lites , w h ich  
cause diseases in both animals and hum ans1. Evidence exists fo r  the effects  of 
m ycotoxins since biblical t im e s 2. The effects of e rgo t ism  w h ich  caused many 
thousands of deaths in Europe have been well docum ented  from  the m iddle 
ages3. For many o ther diseases caused by mycotox ins, on ly in th is  cen tu ry  has 
the individual fungus been identif ied as the aetio log ica l agent. From 1960 
onwards there has been an upsurge not on ly  in the awareness o f the medical 
and econom ic th rea t posed by m ycotox ins, but also in the deve lopment, across 
a range of disciplines, o f quantita t ive  sc ientif ic  techn iques used in the 
identif ication of m ycotox ins  and de te rm in ing  the ir  b iochem ica l action. Many 
reviews covering all aspects of m ycotox in  research are ava ilab le1,4,5,6.
It is no co inc idence that the beginn ing o f th is period o f  in tensive research 
coincides w ith  the d iscovery o f aflatoxin B-,, perhaps the m os t s tud ied o f all 
m ycotox ins .6,7 The aflatoxins (1)-(4) are produced by A sp e rg illu s  fla vus  and 
A sperg illus  parasiticus, the fo rm e r was im plicated in "Turkey X" d isease8, wh ich  
in 1960 caused the death of 100,000 turkey poults  in Great Brita in9. The 
presence of h is topa tho log ica l lesions in th e se 10, and o th e r11, animals was 
discovered. The com m on fac to r  was found to  be Brazilian g roundnu t m ea l12 
which was shown to  be contam inated by A. flavus 13 It was subsequently  
shown to con tam ina te  a range of crops during grow th , harvesting, processing, 
storage and sh ipm en t5. A fla tox in  po isoning has been suggested as the cause 
of previously reported diseases o f then unknown aetio logy.
Elegant studies by Buchi and coworkers  led in 1965 to  the s tructura l 
elucidation of aflatoxin B-,14, wh ich was shown to be a m ethoxycoum arin  w ith
CH-5—^OoH
0 0 0 0 0 0
-s- [ u  u
0 '  s *0
o  , X3 ^ 2 .
11 Jj2,





s te r igm a tocys t in  (11) R=H
(12) R=MeO
Scheme 1: The proposed aflatoxin b iosyn the tic  pathway
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fused b is furanoid and cyc lopentenone m oie ties  (1). Its toxic, carc inogen ic, 
mutagen ic  and te ra togen ic  propert ies have all been dem onstra ted ; aflatoxin B1 
is the m ost po ten t known hepatocarc inogen fo r  several animal species. It has 
also been implica ted in human liver cancer15. Its h igh ly carc inogen ic  nature is 
a ttr ibuted to  the b is furanoid double bond, known to  be activated in  v ivo  to  the 
correspond ing epoxide which binds to guanine residues in DNA16.
Early b iosyn the tic  stud ies suggested a po lyketide orig in  fo r  aflatoxin 8 -,17. 
Buchi and his cow orkers  confirm ed th is  by inco rpora t ion  o f 14C-labe lled  
acetates into (1) fo l low ed  by extensive degradative e f fo r ts 18. Twelve of the 
sixteen nuclear carbon a tom s were unam biguous ly  p inpoin ted, each w ith  
cons is tent levels o f rad ioactiv ity , and are in accord w ith  the labell ing pattern 
shown fo r aflatoxin B-| ( 1 ) in scheme 1 .
A fte r 1970, the use o f A. pa ras iticus  m utan ts  (u l t ra -v io le t  radiation or 
chem ically  induced) or the m etabo lic  inh ib ito r  "d ich lo rvos"  led to  the 
accumulation of a range o f potentia l b iosyn the t ic  precursors  to the aflatoxins, 
as shown in scheme 1 . N orso lor in ic  acid (6), the f irs t  stable in te rm ed ia te  in the 
pathway, isolated f rom  A. ve rs ico lo r  in 196719 and la tte r ly  f rom  an 
A. pa ras iticus  m utan t in 197120, incorpora ted 14C label f rom  acetate. 
Radioactiv ity f rom  norso lo r in ic  acid labelled in th is  way was incorpora ted  into 
aflatoxin B-, by A. pa ra s iticu s  w i ld - ty p e 21. The next purported in termediate , 
averantin (7) ,the d ihyd ro -ana logue  of norso lo r in ic  acid, was f irs t  isolated from  
A. ve rs ico lo r  in 196622, and later from  an A. pa ras iticus  mutant. Averantin 
incorporated rad ioact iv ity  from  acetate, and the result ing labelled averantin was 
incorporated into aflatoxin B-| by A. pa ras iticus  w i ld - ty p e 23. The internal ketal 
averufin (8),f i rs t  isolated from  A. ve rs ico lo r in 196324, and later f rom  a 
h igh -y ie ld ing  A. pa ra s iticu s  m u tan t25, was shown to  incorpora te  rad ioac t iv i ty  
from  acetate26,27,28 and from  averantin23. Averufin  itse lf 14C -labe lled  from
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acetate was incorpora ted into aflatoxin B-, by A. p a ra s iticu s  w i ld - t y p e 26,28,29.
T reatm ent o f A. pa ras itcus  w i ld - ty p e  w ith  the insectic ide "d ich lo rvos" 
(d im e th y l-2 ,2 -d ich lo rov iny l  phosphate) lowered levels o f afia toxin production  
and led to  the accum ulation o f versiconal acetate (9), the  f i rs t  m etabo lite  on 
the pathway w ith  a branched s id e -ch a in 30,31,32,33. It incorpora tes  rad ioac t iv i ty
27
f rom  acetate , and th is  label is incorporated from  vers iconal acetate into 
afiatoxin by w i ld - ty p e 33 and ave ru f in -p roduc ing  cu ltu res o f A. p a ra s iticu s  , 
and by A. fiavus  27. Versicolorin A (10),the f irs t  m etabo lite  on the pa thway 
conta in ing the b isfuranoid moiety, was f irs t  isolated from  A. ve rs ico lo r  in 
196634, and was la tterly  isolated from  a fu r the r  A. pa ra s iticu s  m u ta n t35. It
27 oc
incorporates rad ioactiv ity  f rom  acetate ' and again vers ico lo r in  A 
radiolabelled from  acetate was incorporated into afiatoxin B-] by the 
A. pa ras iticus  w i ld - ty p e 36, and by the ave ru f in -accum u la t ing  m u ta n t37. In 
contrast to the above compounds, the last proposed in term edia te  on the 
pathway is the xanthone s te r igm atocyst in  (1 1 )38-39'40-4^  produced from  a w ide 
range of A sp e rg illu s  , and other, species42 and was f irs t  isolated in 1954. 
A. ve rs ico lo r  incorporates rad ioactiv ity  from  ace ta te27, averufin, vers iconal 
acetate and vers ico lor in  A 43 into ster igm atocystin . S te r igm atocyst in  labelled in 
th is  way is converted into afiatoxin B-, by the A. pa ra s iticu s  w i ld - ty p e 44,45 and 
by the ave ru f in -p roduc ing  m u tan t27.
From the above, and other results, the b iosynthe tic  sequence shown in 
scheme 1 was constructed. This order was re in forced by kinetic 
pu lse - labe l l ing46. This technique is useful fo r  the detection  o f trans ient 
intermediates, and the determ ination of the ir  relative order in a b iosyn the tic  
sequence47. The organism under scru tiny is fed w ith  a radiolabelled p recursor 
(in th is case, acetate), and at various stages its metabo lism  is rapidly quenched 
and assayed by chrom atograph ic  separation coupled w ith  autoradiography. The
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results f rom  th is  s tudy are in agreem ent w ith  the proposed b iosyn the t ic  
scheme, but may raise doubt as to the true in term ediacy o f s te r igm atocyst in , 
w hose appearance was f irs t  detected a fte r  tha t o f aflatoxin Bv
A major drawback o f the above results is that the inco rpora t ion  of 
"b iosyn the t ica lly  labelled" materia ls is prone to  m is in terpre ta tion , due to  the 
poss ib il i ty  o f pr io r degradation to acetate48. Rigorous p roo f o f in te rm ed iacy  is 
on ly supplied by sp e c ific  incorpora tion  of iso top ic  label.
It is clear from  scheme 1 tha t many in teresting mechanistic  prob lem s are 
raised. One of the m ost in tru ig ing  is the transfo rm ation  of the linear s ide -cha in  
o f averufin (8) to the branched s ide-cha in  of versiconal acetate (9), apparently  
invo lv ing a "1,2 -a ry l shift". In addit ion th is trans fo rm ation  involves insertion of 
oxygen between the 4' and 5' a tom s of the s ide-cha in , suggesting  the 
poss ib il i ty  of a Baeyer-V il l iger oxidation from  (formally) a ketone (8) to  an ester
(9). Conversion of vers ico lo r in  A (10) to  s te r igm atocys tin  (11) entails loss of 
the C-6  phenolic hydroxy group, the t im ing  or purpose of w h ich  is uncertain, 
and loss of the C-10 (carbonyl) carbon o f vers ico lorin  A. The b iosynthes is  of 
xanthones by oxidative cleavage o f an anthraquinone precursor fo l low ed  by
4q
decarboxyla tion has been well documented fo r  o th e r  systems , but not until 
recently  fo r  s te r igm atocystin . The convers ion of s te r igm atocyst in  (11) or a 
c lose ly -re la ted  m etabo lite  (e.g. its 6-m e th o x y  analogue (12)50,51) to  aflatoxin B-, 
m ust entail r ing cleavage and rearrangem ent w ith  decarboxylation to  the
52cyc lopen tene -coum ar in  structure .
In the late 1970s efforts  by Steyn and his cow orkers6 led to  unambiguous 
13C-NMR assignments o f averufin (8)53, versiconal acetate (9)54, vers ico lo r in  A
(10)55, s te r igm atocyst in  (11) and aflatoxin B-, (1)56, and related metabolites. This 
led to the incorpora tion  of [ 1 - 13C] - 57 and [ 2 - 13C]-acetates into averufin (8)53,
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vers iconal acetate (9)30,31,34, vers ico lorin  A (10)53, s te r igm atocys t in  (11) ° 8 and 
aflatoxin B1 (1)59,60, the results of which con firm ed the com m on  polyketide 
or ig in fo r  these metabolites. Incorporation of [1 ,2 - 13C2] -  ( doublÿ) labelled 
acetate into (8)28, (9)53, (10)30,54, (1 1) and ( I )60 com bined w ith  analysis of the 
interacetate coupling pattern has revealed a com m on polyketide fo ld ing  pattern 
as shown fo r  (5) in scheme 1.
A com prehensive rev iew of aflatoxin b iosynthesis by Steyn covers re levant 
w o rk  until 1980. Subsequent studies have seen the use of var ious ly  and 
m u lt ip ly  labelled acetates and advanced p recursors61, in order to  probe some 
of the prob lem s m entioned above. These studies, and the ir  m echan is t ic  
implications, w il l  now  be discussed in more detail.
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3.1.2. Hexanoate Incorpora tion  in to  Averufin
So far no mention o f the early stages of b iosynthesis, leading to 
norso lor in ic  acid (6), has been made. This reflects the notion held until recently  
that the enzym e-bound  polyketide is fu l ly  oxygena ted62 (as fo r  example in (5)) 
before secondary m od if ica t ion  takes place. However recent studies indicate tha t 
processes such as reduction, dehydration and hydrogenation, analagous to  fa tty  
acid b iosynthesis, occur wh ile  the polyketide chain is being co n s tru c te d 63.
It is no tew orthy  that the f irs t  isolable in term ediate on the aflatoxin pathway, 
norso lor in ic  acid (6), has a h igh ly reduced s ide-cha in , and tha t the  pattern of 
deuterium labelling of the averufin side chain from  [2H3] -  and 
[2H3, 1 - 13C ]-aceta te  is analogous to  tha t of fa tty  acid b iosyn thes is64 85, in 
addition, Tow nsend61,66, and Sankawa64, have noted that the C -5 ' (methylene) 
carbon of norso lo r in ic  acid, wh ich is derived from  the carbonyl carbon of 
acetate, is subsequently  oxidised to the (formally) carbonyl carbon of averufin. 
In studies relating to  a l im ited num ber o f polyketides w h ich  retain oxygen 
attached to  the C-1 carbon derived from  the s tarter acetate unit, th a t oxygen is 
acetate derived67. Further, it was noted by Holker tha t incorpora t ion  of 
rad ioactiv ity  into the fou r  b isfuranoid carbons of s te r igm a tocys t in  ( 1 1 ) was 
equal but s ign if ican tly  lower than incorporation into the xanthone nuc leus17. 
With these anomalies in mind, Townsend suggested tha t hexanoate, ra ther than 
acetate, fo rm s the starter unit fo r  the aflatoxin pathway. The poss ib i l i ty  tha t the 
polyketide pathway may em ploy s tarter units o ther than acetate was f i rs t  
proposed by Birch62. However there is l it t le  experimental evidence to  support 
this.
In 1983 Townsend reported the spec ific  incorporation of [ 1 - 13C ]-hexano ic  
acid (14) into averufin by A. pa ras iticus  , accompanied by a sm aller level of 
secondary incorpora tion  of acetate labelled by catabolism o f hexanoate56. In
Scheme 2: The role of hexanoate in averufin b iosynthesis
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parallel studies however, [ 1 - 13C ]-bu ty r ic  acid (15), [ 1 - l 3C ]-5~oxohexano ic  acid
(16), and [ 1 - 13C ]-3 -o xo o c ta n o ic  acid (17) were also incorpora ted  in to  averufin 
but n o t specifically, on ly  th rough  secondary incorpora t ion  via acetate (scheme 
2)68. This s ign if ican t result suggests that hexanoate, fo rm ed  e lsewhere by fa tty  
acid synthetase, fo rm  the s ta rte r  unit fo r  an oc take tide  . However it is also 
possible tha t a po lyketide synthase produces a reduced 6-ca rbon  segm ent, 
which may exchange w ith  free hexanoyl CoA before con t inu ing  synthesis of a 
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3.1.3. Rearrangement of the averufin side-chain
From early studies it became apparent tha t the  con t iguous  2 -  and 2 '-  
carbons o f vers ico lo r in  A (10) are both derived from  the m ethy l carbon of 
acetate and thus a "1,2 -a ry l shift' ' has occurred. A range of m echan ism s have 
been proposed, as shown in scheme 3. In 1976 Kingston proposed a pinacol 
rearrangement fo l low ing  activation of the C -2 ' o f the open -cha in  fo rm  of
averufin (8a)69. Tanabe suggested an open-cha in  Favorskii rearrangem ent of the
C -1 '-o x o  com pound (18)70. Steyn (1977) favoured initial dehydra tion  and 
epoxidation of the open-cha in  fo rm  of averufin (8a) fo l low ed  by rearrangem ent 
to  the aldehyde (19). In 1982 Sankawa proposed a r in g -c lo se d  pinacol 
rearrangement via n idurufin (20)64, a known A sp e rg illu s  m e tabo l i te71.
In 1981 Townsend and coworkers carried out an e legant synthesis of 
averufin (8), as outlined in scheme 472, and used th is m e thodo lo gy  to  produce 
a series of specif ica lly  labelled compounds. [ 4 ' - l 3C]~ And 
[1 '—2Hi,1 '—13C]—averufin were each specif ica lly  incorpora ted in to  both 
vers ico lorin  A (10)73 and aflatoxin B-] ( I )66 (scheme 5). Thus the inner and ou ter 
acetate units in the s ide-cha in  o f ( 10) (and(1 )) m ust be derived respective ly
from  the inner and central units o f the s ide-cha in  o f (8). Also,the re tention  of
in tegrity  of the 1 (C—H) bond lim its  the  oxidation level o f tha t carbon to  
aldehyde, thus ruling out the poss ib il i ty  o f a Favorskii rearrangement, wh ich  
would  require the fo rm ation  o f a carboxlate species. The o ther m echanism s in 
scheme 3 are cons is tent w ith  the above result. Townsend proposed a fu r the r  
r ing -c losed  pinacol rearrangement, s im ilar to tha t o f Sankawa (scheme 3).
All mechanisms in scheme 3 necessitate func t iona l isa t ion  at C -2 ' of 
averufin provid ing a suitable leaving group to  be displaced by the incom ing  
anthraquinone nucleus. This led to  the proposed implica tion  o f n idurufin  (20) in 
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in 1970, bears a 2 '-hydroxy l group. The re la tive  s te reochem is try  o f (20) was 
orig ina lly  assigned as endo  (21) on the basis o f its 1H-n.m.r. v ic inal p ro ton 
coupling constant. However Townsend, using a m od if ica t ion  o f his averufin 
strategy, synthesised both endo  (2 1 ) and exo  (20 ) alcohols; com parison  w ith  a 
sample of the natural p roduct showed that n idurufin  has identica l spectral 
characteris tics to  tha t of the exo ep im er (20)°6. In 1984 Cava sythesised the 
6,8-d ideoxy  analogues of these exo and endo  a lcohols, and he to o  favoured the 
exo s tructure fo r  n idu ru f in74. Only th is ep im er has the an thraqu inone ring and 
the 2 ' -hyd roxy l in the antiperip lanar d ispos it ion  required fo r  such a 1 ,2 -sh if t .  
Cava suggested a fu r the r  mechanism (scheme 3), s im ilar to  those of Sankawa 
and Townsend.
In 1985 Townsend and Koreeda determ ined the absolute s te reochem is try  of 
averufin as (1 '-S )75, as in d ica te d  (8) in scheme 4, by the exciton ch ira lity  
c ircular d ichro ism  m e th o d 76. The absolute s te reochem is try  o f n idurufin  is not 
known, but it is logical to  assume tha t it also has the (1'-S) con f igu ra t ion  as 
show n  fo r  (20).
From earlier p receden t77, and la tterly  from  model studies by Cava in 198378, 
it has been shown that 1,2-aryl sh ifts  are feasible in  v itro  . Townsend 's  group 
synthesised [ 1—2H -j ]— nidurufin and its 2 '-ep im er, but ne ither gave any 
detectab le incorpora tion  into aflatoxin B-| by A. pa ras iticus  
[ 1 ' - 180  ,5 ' - 13C ]-Averu fin  was prepared and incorpora ted spec if ica lly  into 
versiconal acetate w ith  re tention o f in tegr ity  o f the 5 '- (C -0 )  bond, as 
determ ined by the 180 - in d u c e d  shift in the C -5 ' 13C NMR signal (scheme 6)79. 
Thus g iven  tha t ketalisation o f the open-cha in  fo rm  (8a) of averufin fo l low s  the 
accepted mechanism, an assumption borne out by the [ 1 - 13C,180 2]-ace ta te
on
labelling pattern of averufin (scheme 7) , all of the open-cha in  rearrangem ents 
shown in scheme 2 may be ruled out as they would  necessitate cleavage of
- J <  (-H*) (8!
Scheme 8: Possible routes to proposed cation (or radical) 
in it ia t ing 1 ,2 -a ry l shift reaction
(23) X=OMs. Y = H ------- ► (25) (26)




Scheme 9: B iom im etic  1,2 -a ry l sh ift reactions
108
the 5 '- (C -0 )  bond.
The tw o  results discussed in the proceeding paragraph indicate a 
r ing -c losed  1,2-aryl sh ift invo lv ing oxidation, but w ith o u t  hydroxyla tion , at C -2 ' 
o f averufin, to  perhaps a radical or cation, e.g. (22) (scheme 8). Townsend 
reported the synthesis of com pounds (23) and (24) (R=CH3OCH2-)  (scheme 9). 
Refluxing (23) in t r i f luo roe thano l resulted in rapid fo rm a t ion  o f (25; 
R=CH3OCH2-). In buffered so lu tion  (26; R=CH3OCH2-  and R=H) were produced. 
In contrast, (24) remained unreactive under the same reaction conditions. The 
mesylates o f d im ethoxyn iduru fin  (27) and its ep im er (28) were synthesised to 
give a c loser analogy to the in  v ivo  reaction. Refluxing (27) in t r i f luo roe thano l 
gave a m ixture of (29) and (30), but it reacted more s low ly  than (23) did under 
the same condit ions, suggesting  that the presence of the e lec tro n -w ith d ra w in g  
anthraqu inone m oie ty  reduces its m igra to ry  aptitude. The endo  ep im er (28), as 
fo r  (24), did not undergo solvolysis. This reluctance to  rearrange re in forces the 
belief tha t fo r the exo  compounds, the m igra ting  and leaving groups have a 
m utua lly  favourable s te reoe lectron ic  orientation, not present in the endo
o 1
com pounds .
The proposed cation (or radical) in term ediate (22) may derive from  
dehydroaverufin  (31), by e lectroph il ic  attack by a proton (or by a hydrogen
P ?atom respectively). A lthough (31) is an A. ve rs ico lo r  m etabo lite  , its 
in term ediacy in the above scheme has not h itherto  been proposed in print. A 
fu r the r  source of (22) is averufin itself, by an IMADP-mediated hydride 
abstraction. Such a process, fo l low ed by a 1,2-sh ift  has been observed in ring
83contrac tion  during g ibberell in  b iosynthesis .
( 3 2 )
Scheme 10: Incorporation of [1 ',4 ',6 '-2H g , r - 13C]-averu f in  into vers iconal acetate
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3.1.4. Oxygen Insertion into the Anthraquinone Side-chain
Inspection of any mechanism in scheme 3 implies tha t the insert ion  of 
oxygen between C -4 ' and C -5 ' of the averufin s ide-cha in  occurs a fter the
1,2-aryl shift. This belief is supported by the existence of ve rs ico lo rone  (32), an 
A. ve rs ico lo r  m e tabo li te84. A. pa ras iticus  treated w ith  d ich lorvos incorpora ted 
[1 ',4 ',6 ',-2H6, 1 ' - 13C]-averu fin  in ta c t in to versiconal acetate (9), as de te rm ined by 
deutr ium  n.m.r. spectroscopy and mass spectroscopy (scheme 10)85. This 
show s that fo rm ation  of (9) occurs in tram olecularly , rather than by degradation  
of the s ide-cha in  fo l low ed  by tr iv ia l acetylation. This, and in tact incorpora t ion  
of [ 5 ' - 13C ,1 '-180 ]-a ve ru f in  into vers iconal acetate (see previous section), 
p rovide strong evidence fo r a b io logica l Baeyer-V il l iger reaction.
(3 A)
CD3C 0 2Na
Scheme 1 1 : Postulated late stages in aflatoxin b iosynthesis
Scheme 12: Incorpora tion of sodium [ 1 - 13C,180 2]-ace ta te  in to  s te r igm atocys t in
CH3C 0 2Nq
Scheme 13: Incorporation of a m ixture of [5 ,6 - 13C2]-  
and [8,11- 13C2]-averu f ins  into aflatoxin
no
3.1.5. Xanthone Formation and Rearrangement
Given tha t the C-6  hydroxyl o f v e rs ic o to r in  A (10) is no longer present 
in s te r igm atocys t in  (11), and tha t (12), (33) and (34)86 are known natural 
products, tw o  plausible routes may be envisaged (scheme 11). S impson and 
coworkers  have incorporated [ 2 - 2H3] -  and [ 2 - 2H3, 1 - 13C ]-ace ta tes  in to  
s te r igm atocyst in  (11 )87. The retention of ace ta te -de r ived  hydrogen at C -6  
shows that (34) cannot be a precursor to  (11), so tha t in the convers ion o f 
anthraquinone to  xanthone, no mechanism which involves a phenolic  hydroxyl 
o r a carbonyl at C-6  is feasible.
_ a < ^ t a t e
scheme 1288. Retention of in teg r ity  of the 8 - (C -0 )  bond shows tha t xanthone 
fo rm ation  may occur via (35). The in termediacy o f (36) is d is favoured because a 
sym m etr ica l portion of a m olecule wou ld  show  random isation of 
[1 ,2 -13C2]-ace ta te  label, unless  th is  portion were t igh t ly  enzym e-bound  to  
prevent free rotation.
The incorporation of [ 2 - 2H3]-ace ta te  into aflatoxin B-,89 (scheme (11) results 
in the presence of deuterium at a carboxyl derived carbon, suggesting  
in tramolecula r m igration from  a methyl derived carbon. The m ost likely 
explanation fo r  this is a N IH -sh if t90 result ing from  hydroxy la t ion  of e ither (11) 
(at C - 6), or (33) (at C-5). Ring cleavage of (12) fo l low ed  by an in tram olecu la r 
aldol condensation, decarboxylation and dehydration w ou ld  lead to  fo rm a t ion  of 
aflatoxin B-, w ith  the observed labelling pattern (scheme 11).
In 1983 Townsend incorporated an equal m ixture o f [5 ,6 -13C2] -  and 
[8,11—13C2]— averufin into aflatoxin Bt ( I ) 91, as shown in scheme 13. Carbons 2, 
3 and 5 of (1) are labelled, w ith  the 2 -3  bond intact. Comparison o f th is pattern 
w ith  the labelling pattern of aflatoxin B-, derived from  [ 13C2] -a ce ta te 60 indicates
i n
tha t carbons 6, 8 and 11  of averufin correspond respective ly  to  carbons 5, 3 
and 2 of aflatoxin B-|, and that C -5  of averufin is lost. This result is cons is ten t 
w ith  the xanthone rearrangem ent shown in scheme 1 1 .
1 1 2
3.2.1. Summary
The w o rk  undertaken in th is chapter is sum m arised as fo l low s: synthesis 
and incorpora tion  o f [ 2 - 2H2]~hexanoate and [ 2 - 13C ]-m a lona te  in to  averufin, 
a ttem pted m anipulation o f the averufin s ide-cha in , and synthesis o f deuteria ted 
averufin, and a ttem pted incorpora tion  into s te r igm atocys t in  and aflatoxin B-|.
3.2.2. Early stages of Averufin biosynthesis
It was decided to con f irm  Townsend's incorpora t ion  o f hexanoate into 
averufin by feeding deu te r ium -labe lled  hexanoate. Accord ing ly , ethyl hexanoate 
was subjected to  exchange cond it ions  (sodium methox ide in deu ter iom ethano l)  
w h ich gave e ither m ethy l hexanoate or a m ixture o f m ethy l and ethyl 
hexanoates. These were hydro lysed to  give the free acid; the  tr ip le t  at 2.35 
ppm in its 1H-n.m.r. spectrum, due to the 2 -pos it ion ,  had d im in ished in 
in tensity  by about 80%; its deuterium nmr spectrum gave a s ing le t at 2.36 ppm. 
This material was adm in istered to  A .paras iticus  under the same tw o  feed ing 
regimes as described by Tow nsend66. Averufin was isolated in both cases, and 
converted into its tr iacetate.
The 2H n.m.r. spectrum of the tr iaceta te  o f averufin derived from  
A .paras iticus  g row n under shaken condit ions showed tw o  signals, at 1.57 and 
1.98 ppm. These signals required a long ^fquisition t ime, and were broad, as 
expected from  a deuterium spectrum. Also, the 1H n.m.r. spectrum  of averufin 
has not been fu lly  assigned w ith  respect to  the six methy lene protons. However 
it was clear tha t hexanoate has been incorporated into averufin w i th o u t  
noticeable degradation to  acetate, by comparison of th is  spectrum  w ith  tha t of 
the tr iacetate o f averufin derived from  [ 2 - 2H3] -aceta te . The la tte r shows 


































































































Carbon 6(ppm) A B A/B (A/B)
C-3 ' 15.53 4.382 5.522 0.794 1.0
COCH3 20.92 6.947 9.633 0.721 0.9
6' 27.58 7.428 6.639 1.119 1.4
2 ' 28.10 10.320 5.891 1.752 2.2
4' 35.52 10.709 6.080 1.761 2.2
1 ' 67.28 3.672 4.772 0.769 1.0
5' 10 1 .11 3.171 4.723 0.671 0.8
4 111.66 10.317 6.539 1.578 2.0
2 117.44 5.105 3.067 1.664 2.1
5 118.02 9.336 6.113 1.527 1.9
7+13 123.26 13.377 7.913 1.690 2.1
12 123.41 5.763 3.377 1.707 2.1
14 134.15 2.359 3.702 0.637 0.8
11 135.61 2.641 3.929 0.672 0.8
1 146.94 2.693 3.671 0.734 0.9
8 151.36 2.636 3.529 0.747 0.9
6 154.33 2.766 3.801 0.728 0.9
3 159.14 2.494 3.951 0.631 0.8
COCH3 167.71 2.852 3.474 0.821 1.0
COCH3 168.76 3.014 3.557 0.847 1.1
9 179.01 2.497 3.167 0.778 1.0
10 180.92 5.422 3.619 1.498 1.9
Table 1: Comparison of signal in tensit ies in the 91MHz.
13C n.m.r. spectra of (A) averufin diacetate 
labelled from  diethyl [ 2 - 13C]-m alonate  and 
(B) unlabelled averufin diacetate.
* In the final column, each signal ratio of A to  B is normalised 
to make the average of the 4 acetate ratios equal to  1.0.
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m ethy l group), and also low  field signals due to  the 4 and 5 (but not the 7) 
arom atic  posit ions. Hence th is result is in agreement w ith  Townsend 's  specif ic  
incorpora tion  o f [ 1 - 13C]-hexanoate into averufin.
The tr iaceta te  of averufin derived from  A .paras iticus  g row n under static 
cond it ions  gave the same result, but the n.m.r. signals obta ined were weaker.
As m entioned in section 3.1, intact incorpora tion of hexanoate can be 
in terpreted in tw o  ways; e ither hexanoate is independently  synthesised and 
then used as a s tarter unit fo r  averufin b iosynthesis, or it is produced as an 
in term ediate by the polyketide synthase, but can equil ibrate w ith  free hexanoyl 
CoA at th is stage. It was hoped that the incorpora tion  o f [ 2 - 13C ]-m a lona te  into 
averufin wou ld  d is tingu ish  between these tw o  possibil it ies. If hexanoate is 
independently  synthesised, then malonate incorporation should be un ifo rm  fo r 
the anthraquinone port ion  o f averufin, but lower in the C6 s ide-cha in . If 
averufin is a true decaketide, then incorporation o f malonate should be un ifo rm  
fo r nine posit ions, w ith  lower incorporation into the s tarter unit.
Accord ing ly , d iethyl [ 2 - 13C]-m alonate  was synthesised as described in 
chapter 292,93, and administered to  a static culture of A .paras iticus  ATCC 22451. 
Averufin was subsequently  isolated as described previously, and convers ion to  
its tr iacetate was attempted. However the major p roduct obtained was averufin 
diacetate, by n.m.r. and mass spectroscopy. Its 13C nm r spectrum  was obtained 
under cond it ions of inverse gated decoupling (in order to  suppress n.O.e. 
effects), and in the presence of the paramagnetic relaxation reagent ch rom ium  
tr is -ace toace tona te , in order to normalise all signal intensities. The spectrum  
was compared w ith  one obtained from  "natural abundance" averufin d iacetate 
run under the same cond it ions (see Figure 1). The in tens ity  o f each signal fo r  
the unlabelled species was divided by the in tensity  of the correspond ing signal











5: Incorpora tion  of labelled 2 -m e th y l-3 ~ h yd ro xy -p e n ta n o a te s  
into ty lactone (38) and ery th rom yc in  (39)
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fo r  the natural abundance sample. These values were normalised by making the 
average o f the O -ace ty l values equal to  1.00. Scru tiny  o f these values (see 
Table 1) indicated tha t enr ichm ent had occurred at those pos it ions  known to  be 
derived from  the m ethy l carbon o f ace ta te94. The enr ichm ent was essentia lly  
equal fo r  nine out o f ten o f these posit ions, but low er at the C - 6' posit ion, the 
posit ion known to  be derived from  the methy l carbon o f the  s ta rte r  acetate 
u n it65
Thus a s ta rte r  e ffect appears to  be operating, w h ich  suggests tha t averufin 
is a decaketide, fo rm ed by succesive addit ions o f nine malonate units (with 
loss o f carbon dioxide) to  the starter acetate unit. It wou ld  appear tha t the 
addit ion o f the f irs t  and second malonate units are each fo l low ed  by reduction, 
e l im ination  and hydrogenation, analagous to  fa t ty  acid b iosynthesis, to  fo rm  
enzym e-bound  hexanoate. Chain assembly continues w ith  the remaining seven 
malonate units adding successively, but w i th o u t  the in tervening fa t ty  acid 
synthesis steps. Thus an in term edia te  such as (13) is probably formed, and 
cyclises to  norso lo r in ic  acid (the f irs t  isolated in term ediate in th is pathway) 
w h ich  is fu r the r  elaborated to  averufin (Scheme 14).
The observation tha t hexanoate is incorpora ted in tact in to averufin suggests 
tha t the hexanoate fo rm ed  on the polyketide synthase is free to equilibrate w ith  
exogenous hexanoyl CoA. It has been speculated that in term ediates more 
advanced than hexanoate may be incorpora ted intact provided they can 
equil ibrate w ith  the enzym e-bound  intermediate. Indeed, at the t im e of w r it ing  
tw o  im portan t results reported by Hutchison and Cane show tha t the 
N -ace ty l-cys team ine  th ioes te r of (2 Ft, 3 /7 ) -  2 -m e th y l -  3 -h y d ro x y -  pentanoate 
(37) was incorpora ted intact into ty lactone (38)95, and its (2 S ,  3 /? ) -e p im e r  was 
incorporated in tact into ery th rom yc in  (39) (scheme 15)96. These results po int 
tow ards  a po tentia l ly  very  f ru it fu l area of s tudy in the b iosynthesis of
[ 1 ' - 2H]-(8) [ 2 ' - 2H2]-(8)
Scheme 16: Proposed m anipu la t ion  of the averufin s ide-cha in
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polyketides. H owever it is pert inen t to  repeat here the inab il i ty  to  incorpora te  
(intact) 3 -o x o -o c ta n o a te  (17) (which w ou ld  log ica lly  appear to  be an 
intermediate) into averu f in08. This may indeed be an in termediate , but is unable 
to  leave the enzyme surface at th is stage. Also, as a B~dicarbonyl com pound , 
(17) may be reactive under basic condit ions, or may degrade to  acetate (and 
perhaps o ther com pounds) before reaching the synthetase enzyme.
3.2.3. Attempted Manipulation of the Averufin Side-Chain
In order to  gain an ins igh t into the m echanism  operating during  the 1,2-aryl 
sh ift  convert ing averufin to  vers iconal acetate, it was in tended to  synthesise 
averufin specif ica lly  labelled at various pos it ions in the ketal s ide -cha in  (see 
scheme 16). In addit ion, it was reasoned tha t labelled n idurufin  could also be 
synthesised, w ith  a v iew  to  checking its in te rm ed iacy  in aflatoxin b iosynthesis.
Dehydration o f the open -cha in  (keto) (8a) fo rm  of averufin, across the V 
and 2' posit ions to  give (40), was attempted. This how ever was not achieved; 
even the use o f concentra ted acid returned averufin as the on ly  identif iab le  
product. This acid s tab il i ty  has prev ious ly  been repo rted24.
The use of base to  dehydrate (8) was also unsuccessfu l; small am ounts  of a 
red compound, o f h igher po la r ity  than averufin, were isolated. This may have 
been 1,3,6,8-te trahydroxyanthraquinone, from  the s im p lic ity  o f the 1H n.m.r. 
spectrum of its peracetate, but the com pound was not fu r the r  characterised.
It was hoped tha t m anipulat ion o f the averufin s ide -cha in  w ou ld  be easier if 
the open-cha in  (keto) fo rm  (8a) could be "trapped", and thus its e th a n e - 1 ,2 -d io l  
adduct (41) was considered as a useful derivative. However the tre a tm e n t of 
averufin w ith  e th a n e - 1 ,2 -d io l  under standard cond it ions  failed to  give the 
expected product. Evidence fo r  the existence o f the keton ic fo rm  (8a) of 
averufin comes from  its s truc tu re  de te rm ina t ion24; it was shown to  undergo
Scheme 17: Incorporation of deu te r ium -labe lled  acetates into averufin, 
s te r igm atocys t in  and aflatoxin B-,
acid-cata lysed deuter ium  exchange, w ith  an increase in m o lecu la r w e ig h t  of 
f ive atomic mass units, as determ ined by mass spectrom etry . Thus given tha t 
such an equil ibr ium  between (8) and (8a) does exist, it m ust be far to  the left. 
From an entrop ic v iew po in t  th is is reasonable, as fo rm a t ion  o f the ketone (8a) 
w ou ld  require attack by tw o  w a te r molecules.
3.2.4. Incorporation of Specifically Deuteriated Averufin into Aflatoxin 8 1
The incorporation by Simpson o f deuterium labelled acetates into averufin, 
s te r igm atocystin  and aflatoxin B-| is shown in scheme 17. In the 13C nm r 
spectrum of [ 1 - l 3C ,2 -2H3] -ace ta te -en r iched  averufin, 8~shifted signals were 
observed fo r  posit ions correspond ing to  carbons 6, 8, V, 3' and 5', ind icating 
the prescence of deuterium at carbons 5, 7, 2', 4' and 6' respective ly. Less 
deuterium was incorporated at C -7  than C-5, and none was retained at C -4 65. 
Sankawa reported the incorpora tion  of deuterium from  [ 1 - l 3C,2H3]-ace ta te  into 
averufin at the posit ions mentioned above, plus also at the  4 -p o s i t io n 64. 
However incorporation was determ ined by the relative decrease in the  doub le t 
due to  13C coupled to  one proton. Incorporation o f [ 1 - 13C ,2 -2H3]-ace ta te  into 
s te r igm atocystin  shows tha t deuterium is present at carbons 6, 15 and 17 
(corresponding respective ly  to  the 5, 2' and 4' posit ions o f averu fin )87. There 
was no evidence fo r  incorpora tion o f deuterium into the C -4  or C-11 posit ions, 
both of which were reported by Sankawa. Incorporation of [ 2 - 2H3]-ace ta te  into 
aflatoxin B s h o w s  that deuterium is present at carbons 4, 5, 14 and 16, 
correspond ing respective ly  to  the 4, 5, 15 and 17 pos it ions  of
s te r igm atocys t in89. This anomaly could be c larif ied by the specif ic  deuter ium  
labelling of averufin at the 7 -pos it ion  fo l low ed by its incorpora t ion  into 
s te r igm atocystin  and aflatoxin B-|. It was expected tha t the 7 -p o s it io n  of 
averufin would undergo base-cata lysed deuterium exchange m ore rap id ly  than
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the o ther posit ions. This was confirm ed by subjecting a small sample to  such 
cond it ions  (sodium [2H3]-m e thox ide  in [2H4]-m ethano l) ,  and m on ito r ing  any 
changes in n.m.r. s ignal intensity.
Exchange occurred f irs t  at the 7 -pos it ion ,  then more s low ly  at the
5-pos it ion , by w h ich  t im e the m olecule started to  degrade. Thus
[ 7 - 2H]-averu fin  was synthesised by st irr ing averufin in a so lu t ion  o f sodium  
m ethox ide in [2H-| j-m e thano l.  It was decided to  use averufin labelled in the side 
chain as an internal standard, as its incorpora tion  into aflatoxin B-| has already 
been studied. [4 ',6 '-2H5]-A ve ru f in  was synthesised by acid catalysed exchange, 
using established m e th o d s24.
In o rder to  feed labelled averufin to  s te r igm atocyst in  and to  aflatoxin B-,, it 
was necessary to  cons truc t  a g ro w th -p ro d u c t io n  curve fo r  each m etabo lite  in 
o rder to  de te rm ine  the op t im um  feeding time. Thus a crude extract was 
obtained from  A .pa ras iticus  every 24 hours fo r  ten days, and its
s te r igm atocys t in  con ten t m onitored by high performance liquid
chrom atography.
The f irs t  so lven t system used gave a peak w ith  the same retention t im e  as 
a standard sample of s te r igm atocystin , but use o f a second so lvent system 
failed to  show  such a corrrelation. The absence of s te r igm atocyst in  was 
confirm ed by analytical th in  layer ch rom atography of a crude extract from  five 
days g row th  against a standard sample of s ter igm atocystin . It is possible that 
the fungal strain failed to  produce s te r igm atocystin  as a result of repeated 
subculturing.
In a s im ila r manner, crude extracts were obtained from  A .fiavus  every 24 
hours fo r  ten days, and a peak w ith  the same retention t im e as a standard 
sample of aflatoxin Bv  using a range of so lvent programmes, was evident.
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Thus a m ix ture  of [ 7 - 2H]-averu fln  and [4 ',6 '-2H5]-ave ru f in  was adm in istered 
to  g row ing  mycelia of A .flavus  , 24, 36, 48 and 60 hours after inoculation. A 
fu r the r  24 hours later, a crude extract was obtained, and from  th is  was isolated 
a very  small am oun t o f aflatoxin B-|. Its deuter ium  n.m.r. spectrum  showed 
signals at 2.57 and 6.67 ppm., correspond ing respective ly  to  the 4 and 16 
pos it ions o f aflatoxin B-,. However signals were also observed at 1.54, 3.63 and 
4.12 ppm. The small am ount o f material available precluded fu r the r  studies to  
c lar ify  the labelling pattern. Further studies are required to obtain more 
defin it ive  evidence.
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For general procedures see section 2.3. Constituen ts  o f fungal g row th  
media are listed below:
Blakeslees malt extract agar
3.3. Experimental
dextrose 2 .0% w /v
malt extract 2 .0% w /v
bacto agar 2 .0% w /v
bacto peptone 2 .0% w /v
sodium chloride 0.05% w /v
disti l led w a te r to  100% w /v
Sucrose -aspa rag ine -am m on ium  sulphate medium (Low salts medium)
sucrose 8.5% w /v
asparagine 1 .0% w /v
am m onium  sulphate 0.35% w /v
potassium orthophosphate 0.075% w /v
magnesium sulphate heptahydrate 0.035% w /v
calcium chloride dihydrate 0.0075% w /v
zinc sulphate heptahydrate 0.001% w /v
manganese(IV) chloride te trahydrate 0.0005% w /v
1 2 0
am m onium  molybdate(VI) te trahydrate 
sodium te trabora te  heptahydrate 
iron(il) sulphate heptahydrate 
doub ly  d isti l led w ater
0.0002% w /v  
0.0002% w /v  
0.0002% w /v  
to  100%.
lin im al mineral medium
glucose 5.0% w /v
am m onium  sulphate 0.3% w /v
potassium orthophosphate  1 .0% w /v
magnesium sulphate heptahydrate 0.2 % w /v
sodium te trabora te  decahydrate 0.07% w /v
am m onium  molybdate(VI) te trahydrate 0.05% w /v
iron(lll) sulphate hexahydrate 0.0 01% w /v
copper(ll) sulphate pentahydrate 0.00003% w /v
manganese(ll) sulphate m onohydrate 0.0 0 0 011% w /v
zinc sulphate heptahydrate 0.00176% w /v
disti l led water to  100%.
Low sugar replacement medium
glucose 1.5% w /v
potassium orthophosphate  0.5% w /v
magnesium sulphate heptahydrate 0.05% w /v
potassium chloride 0.05% w /v
12 1
sodium te trabora te  decahydrate 0.07% w /v
am m onium  molybdate(VI) te trahydra te  0.05% w /v
iron(ll l) sulphate hexahydrate 0.0 0 1% w /v
copper(ll) sulphate pentahydrate 0.00003% w /v
manganese(ll) sulphate m onohydra te  0.0 0 0 0 11% w /v
zinc sulphate heptahydrate 0.00176% w /v
disti l led w a te r to  100%.
1 2 2
A spe rg illu s  pa ra s iticu s  ATCC 24451 was stored in darkness at 4°C under 
paraffin on slopes of Blakeslees malt extract agar.
A spore suspension in disti l led water was inoculated into 500ml. Erlenmeyer 
flasks, or 2500ml. penicil l in flasks, conta in ing e ither 100ml. or 500ml. 
respective ly  o f suc rose -aspa rag ine -am m on ium  sulphate medium ( low  salts 
m ed ium )98. The cu lture was incubated at 26°C in constan t light. A mycelia l 
mat began to  fo rm  after tw o  days, and its underside started to  show  orange 
p igm enta tion  w ith in  three days. A fte r  tw e lve  days the mycelia were drained 
and hom ogenised in ch lo ro fo rm -m e th a n o l (50:50) in a blender. The resu ltan t 
green slurry was fi ltered, and the f i l tra te  reduced in  vacuo, to  give a c loudy 
b rown solution. This was partit ioned between m e th a n o l-w a te r  (90:10) and 
hexane; m ost co lour remained in the polar layer, wh ich  was fu r the r  part it ioned 
between ch lo ro fo rm  and water. The aqueous layer was extracted into w a te r  and 
the combined ch lo ro fo rm  fractions were amalgamated, dried (m agnesium 
sulphate) and reduced in  vacuo  to  give a brown solid (approximate ly 200mg. 
per litre o f medium). This was purified by co lum n chrom atography, using 
ch lo ro fo rm -m e than o l (97:3) as eluant. The m ajor orange p igm ent, 
correspond ing to  an authentic  sample o f averufin by analytical th in  layer 
chromatography, was isolated as an orange solid (approximate ly 1 2 0 mg. per 
litre of medium). Recrystall isation from  ethanol afforded orange needles, m.p. 
( l it.24 2 80 -  282°C).
-  1H n.m.r. (60 MHz.,(CD3)2S 0 2-CDCI3): 1.52 (3H, s, 6' -C H 3),
1.3-2.1 (6H, m, 3',4 ',5'-(CH2)3), 5.16 (1H, br m, 1'-CH), 6.38 (1H, 
d, J=2.1 Hz., 7-CH), 6.86 (1H, s, 4-CH), 6.97 (1H, d, J=2.1Hz.,
5-CH), 11.78 (s, exch, ArOH), 12.15 (s, exch, ArOH) ppm.
Production and Isolation of Averufin
/2 -2 Hz]-H e xa n o ic  ac id
Dry sodium  {4Q0mg.,17.4mmoles) was cleaned and d isso lved in cooled 
deu ter iom ethano l (10ml.). Ethyl hexanoate (3.5g.,24.3mmoles) was added. A fte r 
s t irr ing fo r  16 hours w ith  exclusion o f moisture, the p roduc t was acidified (2N 
hydroch lor ic  acid) and reduced in  vacuo  to  give a clear liquid. This was 
partit ioned between w a te r and ch lo ro fo rm ; the w a te r was washed w ith  ether. 
The combined organic extracts were reduced in  vacuo  to  give a pale ye l low  
liquid, a mixture o f deuterated methy l and ethyl hexanoates (1.425g.). These 
were hydrolised by s t irr ing  in boil ing 2N sodium hydroxide so lu tion  fo r  2.5 
hours. The product was acidified (2N hydroch lo r ic  acid) and extracted into 
ether, wh ich was dried and reduced in  vacuo  to  give a ye l low  liquid, 
/ 2 - 2 H2]~hexanoic acid.
-  1H N.M.R. (60 MHz., CDCI3): 0.90 (3H, t, J=5Hz„ CH2CH3),
1.3-1 .8 (6H, m, 3,4,5-(CH2)3), 2.35 (t, residual 2 -C H 2+ CHD, 9.75 
(1H, brs, exch, C 0 2H).
-  2H N.M.R. (31 MHz.,CHCI3): 2.36ppm.
Incorporation of [2 -2H2]-Hexanoic acid into Averufin
A: Shaken culture
A spore suspension of A .paras iticus  ATCC 22451 was inoculated Into eight 
500ml. Erlenmeyer flasks, each conta in ing 100ml. o f the m in im al mineral
q q  n
medium of Adye and Mateles . The seed cu lture was incubated at 26 C in 
constant l ight on an orb ita l shaker. A fte r  three days the spherical mycelial 
pellets started to  turn  orange. The flasks' con ten ts  were fi l tered th rough 
cheesecloth to give a w e t w e igh t of 110g. of mycelia. This was inoculated Into
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eleven 500ml. Erlenmeyer flasks each conta in ing 100ml. of the low  sugar 
replacement medium  o f Adye and Mateles. [ 2 - 2H2]-hexano ic  acid (125mg.) was 
added to a port ion  of the above medium (2 2 ml.) to  give a s l igh t ly  c loudy 
solution, wh ich was d is tr ibuted equally among the eleven flasks.
A fte r incubation fo r  24 hours at 26°C in constant l igh t on an orb ita l shaker, 
the flasks' contents  were fi ltered, dried and extracted con t inuous ly  fo r  fou r  
hours w ith  hexane, then fo r  sixteen hours w ith  acetone. The ye l lo w  so lu tion  
was reduced in  vacuo, and part it ioned between ch lo ro fo rm  and water. The
organic layer was dried and reduced in  vacuo  to  yield an orange solid. This
was purified by preparative thin layer chrom atography (ch lo ro fo rm -m e th a n o l 
(96:4)). The main band (Rf 0.4) was isolated as an orange solid, 124mg„ 
correspond ing by analytical th in layer chrom atography to an authentic  sample 
o f averufin.
B: Static Culture
A spore suspension o f A.paras iticus  24451 was inoculated into fou r  500ml. 
Erlenmeyer flasks each conta in ing 100ml. of low  salts medium. The flasks were 
incubated at 26°C in constant light. G rowth was slow, and the underside o f the 
mycelia only began to turn orange after 80 hours. [ 2 - 2H2]-hexano ic  acid
(160mg.) was dissolved w ith  d if f icu lty  in sterile disti l led w a te r ( 1 1 ml.) and
ethanol (0.5ml.). A fte r  96 hours from  incubation, 2ml. of the prepared feed was 
inoculated under the mycelial mat in each of tw o  flasks. This was repeated 24 
and 48 hours later fo r  both flasks.
A fu rther 24 hours later, the f lasks' contents were extracted as described in 
the previous section, to  yield an orange solid (289mg.), wh ich  was purif ied by 
column chrom atography (ch lo ro fo rm -m e thano l (96:4)). The m ost intense band 
(Rf 0.4 by analytical th in layer chrom atography using the same eluant) was
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isolated as an orange solid, 231mg., co rrespond ing  to  an authentic  sample of 
averufin.
A ce ty ! i t io n  o f  Averufin  derived from  Shaken Hexanoate Feed
Averufin  isolated from  A .paras iticus  fed w ith  [ 2 - 2H2]-hexano ic  acid 
(124mg.,0.37mmoles) was acetylated w ith  acetic anhydride (2ml.) and pyrid ine 
as described above. The product, a ye l low  solid (73mg.), was purif ied by 
preparative thin layer ch rom atography  (ch lo ro fo rm -m e th a n o l (98.5:1.5)) to  give 
a ye l low  solid(Rf 0.8) w h ich  was recrysta ll ised from  ethanol to give ye l low  
needles, m.p. 203-206°C ( l i t .24 210-214°C).
-  1H N.M.R. (60 MHz., CDCI3) : 1.53 (3H, s, 6' -C H 3), 1.6-2.2 (6H, 
m, 3',4 ',5'-(CH2)3), 2.28 (3H, s, -COCH3), 2.35 (3H, s, -COCH3),
2.37 (3H, s, -COCH3), 5.10 (1H, br m, 1'-CH), 7.10 (1H, d,
J=2.1 Hz., 7-CH), 7.50 (1H, s, 4-CH), 7.81 (1H, d, J=2.1Hz„ 5-CH) 
ppm.
-  2H N.M.R. (55 MHz.,CHCI3, 50000 scans): 1.57, 1.98ppm.
Acetylation of Averufin derived from Static Hexanoate feed
Averufin isolated from  A .paras iticus  fed w ith  [ 2 - 2H2]-hexano ic  acid
(231mg.,0.63mmoles), was stirred w ith  acetic anhydride (4ml.) and pyrid ine (5 
drops) at 100°C fo r  1.5 hours w ith  the exclusion of moisture. The p roduc t was 
poured on ice, g iv ing a ye l low  precipitate, wh ich was taken up in ch lo ro fo rm  
and washed w ith  2N hydroch lo r ic  acid, then w ith  water. The ch lo ro fo rm
solution was dried and reduced in  vacuo  to  yield a ye l low  solid. This was
purified as above.
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-  1H N.M.R. (60 MHz., CDCI3) : 1.52 (3H, s, 6' -C H 3), 1.6-2.1 (6H, 
m, 3',4',5/-(CH 2)3), 2.28 (3H, s, -OCOCH3), 2.38 (6H, s,
-OCOCH3), 5.15 (1H, br m, 1'-CH), 7.16 (1H, d, J=2.1Hz„ 7-CH),
7.52 (1H, s, 4-CH), 7.82 (1H, d, J=2.1Hz„ 5-CH) ppm.
-  2H N.M.R. (55 MHz., CHCI3, 14000 scans): 1.55ppm.
Incorporation of Diethyl [2 -13C]-Malonate into Averufin
A spore suspension of A .paras iticus  ATCC 24451 was inoculated into fou r  
500ml. Erlenmeyer flasks each conta in ing 100ml. o f low  salts medium. The 
cultures were incubated at 26°C in constant light. D iethyl [ 2 - 13C ]-m a lona te  
(synthesised as described as described in chapter 2) (97mg.) was d issolved in 
ethanol (0.9ml.). This was added to  one flask in three equal portions, at 48, 72 
and 96 hours after inoculation.
A fu r the r 24 hours later the mycelia were f i ltered and oven-d r ied . The dried 
mycelia was con tinuous ly  extracted w ith  hexane fo r  6 hours, then w ith  acetone 
fo r  18 hours. The resulting ye l low  so lution was reduced in  vacuo  to  give an 
orange solid wh ich was part it ioned between w a te r  and ch lo ro fo rm . The 
ch lo ro fo rm  was dried and reduced in  vacuo  to  give an orange solid (84mg.), 
which was purified by preparative thin layer ch rom atography  
(ch lo ro fo rm -m e thano l (98:2)) . The main band (Rf 0.25) was isolated as an 
orange solid (38mg.).
Acetylation of Averufin derived from [2 -13C]-Ma!onate
Averufin isolated from  A .paras iticus  fed w ith  ethyl [ 2 - 13C ]-m a lona te  
(38mg.,0.10mmoles) was acetylated as described fo r  the hexanoic ac id -der ived  
averufin (see above). The product was a ye llow  crysta ll ine solid, ave ru fin  
d ia c e ta te , m.p. 258-262°C.
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-  ] H N.M.R. (60 MHz., CDCI3): 1.61 (3H, s, 6' -C H 3), 1.7-2.2 (6H, m, 
3 ',4 ',5 '-(CH2)3), 2.38 (3H, s, -COCH3), 2.47 (3H, s, -COCH3), 5.25 
(1H, br m, 1'-CH), 7.28 (1H, d, J=2.1Hz„ 7-CH), 7.56 (1H, s,
4-CH), 7.98 (1H, d, J=2.1Hz„ 5-CH).
-  13C N.M.R. (91 MHz., CDCI3): 15.53 (C-3'), 20.92 (-COCH3),
27.58 (C -6'), 28.10 (C-2'), 35.52 (C-4'), 67.28 (C-1'), 101.11 
(C-5'), 111.66 (C-4), 117.44 (C-2), 118.02 (C-5), 123.16 (C-7),
123.26 (C-7 + C-13), 123.41 (C -12), 134.15 (C -14), 135.61 
(C-11), 146.94 (C-1), 151.36 (C -8), 154.33 (C -6), 159.14 (C-3),
167.71 (-COCH3), 168.76 (-COCH3), 179.01 (C-9), 180.92 (C-10) 
ppm.
-  M.S. (m /z (%)) 452 (m +), 410, 393, 368, 352.
A ttem p ted  iso la t ion  o f  S te r igm atocystin  from  A .ve rs ico lo r
A .ve rs /co /o r 52'\9  was stored in darkness at 4°C under paraffin on s lopes of 
Blakelees malt extract agar. A spore suspension was inoculated into tw e n ty - f iv e  
50ml. Erlenmeyer flasks conta in ing 20ml. of low  salts medium. This was 
incubated at 26°C in constan t light. Every 24 hours fo r  ten days the con ten ts  of 
tw o  flasks were f i ltered, and the residue was homogenised w ith  acetone. The 
result ing s lurry was filtered, and the fi l tra te  was partit ioned between a 
m e th a n o l-w a te r  (90:10) m ixture and hexane. The methanol layer was 
concentrated, and partit ioned between ch lo ro fo rm  and water. The organic layer 
was dried and reduced in  vacuo  to give a crude extract used fo r  high 
perform ance liquid chrom atography  analysis.
Each sample was dissolved in 2ml. of equal quantit ies o f analar acton itr i le
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and disti l led water. A f te r  f i l tra t ion , th is  was applied to  a reve rse -phase  high 
perform ance liquid ch rom atography  co lum n and eluted w ith  d is t i l led w a te r  in 
analar aceton itr i le  (50:50). One peak had the same re tention t im e  as a standard 
sample o f s te r igm atocyst in . However when eluted w ith  the same so lvents  in a 
(30:70) p roport ion , no peak had the same re ten tion  t im e  as th is  standard 
sample. This was con firm ed  by analytical th in  layer ch rom atography; using 
various so lvent system s (ace tone -ch lo ro fo rm  (10:90), ace tone -benzene  (5:95) 
and ch lo ro fo rm -m e th a n o l (96:4)) gave Rf values of 0.7, 0.5 and 0.7 respective ly  
fo r  a standard sample o f s te r igm atocyst in , w ith  a charac te r is t ic  o range-red  
spot under u l t ra -v io le t  irradiation (264nm.). No such spot was observed fo r  any 
A .v e rs ic o lo rcrude extract.
G rowth Production Curve o f  aflatoxin in A .fiavus
A. flavus  120920 was stored in darkness at 4°C under paraffin on slopes of 
Blakelees m alt extract agar. A spore suspension was inoculated in to  tw e n ty - f iv e  
250ml. Erlenmeyer flasks conta in ing 100ml. of low  salts medium. This was 
incubated at 26°C in constant light.
The g row th  media were decanted o f f  the mycelia, w h ich  were hom ogen ised 
in a m e th a n o l-w a te r  (90:10) mixture. The result ing s lurry was f i l te red  under 
reduced pressure, and the f i l t ra te  (50ml.) washed w ith  hexane (50ml.). The 
f i l tra te  was then concentra ted reduced in  vacuo, and the aqueous residue was 
part it ioned between ch lo ro fo rm  and more w a te r (50ml. each). The orange 
organic so lu t ion  was dried and reduced in  vacua  This repeated over nine days 
to  give a crude extract wh ich was weighed.
The relative am oun t o f aflatoxin B-, in each crude extract was m on ito red  by 
reverse-phase high performance liquid chrom atography. Samples were 
dissolved in 10ml. o f a (50:50) m ixture of acetonitr i le  and d is ti l led w a te r and
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applied to  a reverse-phase high perform ance liquid ch rom a tog raphy  co lumn. 
Analar aceton itr i le  and dis t i l led w a te r  were used as the m oving phase, w ith  a 
varie ty  of p rogram m ed grad ients which increased the proport ion  o f  w a te r in 
the mixture. For any p rogram m e used, a peak correspond ing in re ten tion  t im e 
to  tha t of an authentic  sample o f aflatoxin B-,, was observed from  extracts of 
three days' g row th  or later.
/ 7 - 2 H j-A  ve ru fin
Sodium m ethoxide (20mg) was d issolved in dry [2H]-m ethano l.  Averufin 
(200mg., 0.54mmoles) was added, giv ing a purple so lu tion; th is  was stirred 
under reflux fo r  ten hours. The product was acidified (2N hydroch lo r ic  acid), 
g iv ing an orange prec ip ita te  w h ich was taken up in ch lo ro fo rm . This was 
washed, dried and reduced in  vacuo  to give an orange solid which was purified 
by preparative th in layer chrom atography  (ch lo ro fo rm -m e than o l (96:4)). An 
orange solid, / 7 - 2H ]-a ve ru fin  (170mg., 85% returned) by analytical th in  layer 
chrom atography, was isolated.
-  1H N.M.R. (80 MHz.,(CD3)2S 0 2-CDCI3): 1.49 (3H, s, 6' -C H 3),
1.54-2.05 (6H, m, 3',4 ',5 '-(CH2)3), 5.25 (1H, br m, 1'-CH), 6.52 (d,
J=2.4Hz., residual 7-CH), 7.05 (1H, s, 4-CH), 7.11 (1H, d,
J=2.1Hz„ 5-CH), 12.15 (s, exch, ArOH) ppm.
-  M.S. (m/z (%)): 369 (M+, 53), 368 (29), 326 (73), 31 1 (100), 310 
(95), 296 (57).
/ 4 ' t f ' - 2 H ^]-A ve ru fin  Cooled deuterium oxide (5ml.) was s low ly  added to 
phosphourus pentach loride (5g.); a v igourous reaction ensued. The so lu tion  was
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stirred fo r  30 m inutes then added to  a so lu t ion  o f averufin (760mg., 
2.06mmoles) in dry te trahydrofu ran (50ml.). The orange so lu tion  was stirred 
under reflux fo r  three days, then extracted into ch lo ro fo rm  (500ml.). This was 
washed, dried and reduced in  vacuo, to  give an orange solid, m ain ly 
[4 ',6 '-c H^J-averufin  by analytical thin layer ch rom atography  (714mg., 94% 
returned).
-  2H IM.M.R. (55 MHz.,(CH3)2S0 2 -CHCI3): 1.71, 2.12 ppm.
-  M.S. (m /z (%)): 374 (m+, 11), 373 (33), 372 (62), 371 (63), 370 
(39), 369 (18), 368 (7), 327 (7), 310 (100), 297 (87), 256 (75).
Incorporation o f  labelled averufins into afiatoxin B1 by A.f/avus
A mixture o f 7 - 2H]-averufin  and 4 ',6 '-2H5]-averu f in  (100mg. of each) were 
dissolved w ith  d if f icu lty  in acetone (20ml.). A spore suspension o f A.f/avus  
120920 was inoculated into 50ml. Erlenmeyer flasks conta in ing 20ml. o f low  
salts medium. This was incubated at 26°C in constan t light. Of this, 5ml. was 
dis tr ibuted among 3 flasks 24 hours after inoculation. This was repeated after a 
fu r the r  35, 48 and 60 hours. A fu rthe r 24 hours later, the f lasks' con ten ts  were 
worked up as described previously. A small am ount of pale ye l low  materia l was 
isolated; th is corresponded to  an authentic sample o f afiatoxin B-, by analytical 
th in layer chromatography.
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Studies of Polyketide Chain Assembly Processes: Incorporation of [2-13C]IVIalonate 
into Averufin in Aspergillus parasiticus
I. Michael Chandler and Thomas J. Sim pson*
Department o f Chemistry, University o f  Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland, U.K.
Analysis of the 13C n.m.r. spectrum o f averufin (1) enriched by feeding diethyl [2-13C]malonate to  cultures of 
Aspergillus parasiticus shows high and equal incorporation of 13C-label at nine  positions to indicate a clear acetate 
'starter' effect; thus averufin is a decaketide, not an octaketide derived from  a hexanoate starter and seven 
malonates as suggested by recent studies.
The polyketide p athw ay1 is one o f the m a jo r pathways o f  
secondary m etabolism  but u n til recently  very little  was know n  
o f the processes involved in the early  stages o f po lyketide  
biosynthesis. H o w ever, recent studies2 using precursors 
labelled w ith  the stable isotopes 13C , 2H ,  and lsO  have  
provided significant ind irect evidence fo r the nature o f the  
enzym e-bound in term ediates produced by the po lyketid e - 
synthesising enzymes in  d ifferen t organism s, and fo r the  
sequence o f events involved in th e ir assembly. These studies 
indicate that reduction and loss o f oxygen in  po lyketide  
biosynthesis occurs by m echanisms sim ilar to  those invo lved  in  
fa tty  acid biosynthesis,3 during and not a fte r the chain  
elongation process. A lth o u g h  there has been little  success in 
attem pts to obtain direct in fo rm atio n  on the necessary 
interm ediates which appear to be enzym e-bound throughout 
the assembly process, the in tact incorporation  o f 13C -labelled  
hexanoate into averufin  was recently rep o rted .4 Feeding  
[ l - 13C]hexanoic acid to cultures o f Aspergillus parasiticus 
resulted in high specific incorporation  o f label at C - l '  of 
averufin (1 ). This was a most significant observation and led to 
the proposal that averufin , and therefore  the aflatoxins, were
not decoketides as previously accepted,5 bu t ra th er that they 
w ere octaketides, being fo rm ed  by elongation  o f a separate, 
previously fo rm ed  hexanoate  starter by add ition  o f seven 
m alonates as ind icated  in  Schem e 1. H o w e v e r , a possible 
alternative  in te rp re ta tio n  is th a t a single decaketide synthe­
tase is in vo lved  w hich produces an enzym e-boun d C 6 segment 
w hich can exchange w ith  free  hexanoyl C o  A  (Schem e 2 ). In  
order to  test this hypothesis fu rth e r we have exam ined the 
in corporation  o f 13C -lab e lled  m alonate  in to  averu fin .
D ie th y l [2 -13C ]m a lo n a te  was p repared  fro m  sodium  [2-13C]- 
acetate6-7 and fed  to  static cultures o f A . parasiticus. 13C 
N .m .r . analysis! o f  the enriched averu fin  revealed  th a t high
t  Averufin was converted into the triacetate for n.m .r. analysis. 50 
MHz 13C n.m .r. spectra were determined in CDC13 using inverse 
gated decoupling conditions to suppress nuclear Overhauser enhance­
ment (n .O .e.) effects8 in the presence of the paramagnetic relaxation 
agent trisacetylacetonatochromium.9 Percentage enrichments10 were 
obtained by comparing the intensities of resonances in both the 
natural abundance and enriched spectra after normalisation.11
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Scheme 2. Proposed pathway for incorporation of malonate into averufin. [2-13C]malonate enrichment: 1.1 ±  0.1% (*), 0.4 ±  0.2% (t).
and essentially equal in co rp o ra tio n  o f 13C -lab e l fro m  m alo ­
nate had occurred at nine  o f the  possible positions as indicated  
in  Schem e 2 , w ith  o n ly  C -6 ' showing a lo w er level o f 
in corporation . T h is  c learly  dem onstrates that an acetate  
starter effect is operatin g . Thus it  appears th a t averufin  is 
indeed a decaketide  being fo rm ed  fro m  an acetate starter unit 
by add ition  o f tw o successive m alonates w ith  a fu ll re d u c tio n -  
e lim in a tio n -re d u c tio n  sequence, cf. fa tty  acid synthetase, 
fo llow ing  each condensation step to produce enzym e-bound  
hexanoate. A ssem bly then  continues by successive condensa­
tion o f seven fu rth e r m alonates w ith  no fu rth e r reduction steps 
to give the requ isite  precursor (2 )  fo r d irect cyclisation to 
produce norso lorin ic  acid (3 )5 as the firs t enzym e-free  
in te rm ed ia te  and subsequently averufin .
T h e  significance o f  the  previous observations,4 th e re fo re , is 
th a t exogenous hexanoate  can eq u ilib ra te  w ith  the enzym e- 
bound in te rm ed ia te  and so be in corporated  in tact w itho ut 
p rio r degradation . T h is  suggests th a t i f  in term ediates  w ith  the  
correct ox idation  leve l are fed  under the right conditions then  
success can be achieved in  the d irect study o f  po lyketide  chain 
assembly processes.
W e  thaftk  the  S .E .R .C . fo r  financia l support.
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